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Abstract
The absolute motions of the lithospheric plates relative to the Earth's deep interior are commonly constrained
using observations from paleomagnetism and age-progressive seamount trails. In contrast, an absolute plate
motion (APM) model linking surface plate motions to subducted slab remnants mapped from seismic
tomography has recently been proposed. Absolute plate motion models (or "reference frames") derived using
different methodologies, different subsets of hotspots, or differing assumptions of hotspot motion, have
contrasting implications for parameters that describe the long term state of the plate-mantle system, such as
the balance between advance and retreat of subduction zones, plate velocities, and net lithospheric rotation.
Previous studies of contemporary plate motions have used subduction zone kinematics as a constraint on the
most likely APM model. Here we use a relative plate motion model to compute these values for the last 130
Myr for a range of alternative reference frames, and quantitatively compare the results. We find that hotspot
and tomographic slab-remnant reference frames yield similar results for the last 70 Myr. For the 130-70 Ma
period, where hotspot reference frames are less well constrained, these models yield a much more dispersed
distribution of slab advance and retreat velocities. By contrast, plate motions calculated using the slab-
remnant reference frame, or using a reference frame designed to minimise net rotation, yield more consistent
subduction zone kinematics for times older than 70 Ma. Introducing the global optimisation of trench
migration characteristics as a key criterion in the construction of APM models forms the foundation of a new
method of constraining APMs (and in particular paleolongitude) in deep geological time.
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Abstract	  15	  
	  16	  
The	  absolute	  motions	  of	  the	  lithospheric	  plates	  relative	  to	  the	  Earth’s	  deep	  interior	  are	  17	  
commonly	   constrained	   using	   observations	   from	   paleomagnetism	   and	   age-­‐progressive	  18	  
seamount	  trails.	  In	  contrast,	  an	  absolute	  plate	  motion	  (APM)	  model	  linking	  surface	  plate	  19	  
motions	   to	   subducted	   slab	   remnants	   mapped	   from	   seismic	   tomography	   has	   recently	  20	  
been	   proposed.	   Absolute	   plate	   motion	   models	   (or	   “reference	   frames”)	   derived	   using	  21	  
different	   methodologies,	   different	   subsets	   of	   hotspots,	   or	   differing	   assumptions	   of	  22	  
hotspot	   motion,	   have	   contrasting	   implications	   for	   parameters	   that	   describe	   the	   long	  23	  
term	  state	  of	  the	  plate-­‐mantle	  system,	  such	  as	  the	  balance	  between	  advance	  and	  retreat	  24	  
of	   subduction	  zones,	  plate	  velocities,	  and	  net	   lithospheric	   rotation.	  Previous	  studies	  of	  25	  
contemporary	  plate	  motions	  have	  used	  subduction	  zone	  kinematics	  as	  a	   constraint	  on	  26	  
the	  most	  likely	  APM	  model.	  Here	  we	  use	  a	  relative	  plate	  motion	  model	  to	  compute	  these	  27	  
values	   for	   the	   last	   130	   Myr	   for	   a	   range	   of	   alternative	   reference	   frames,	   and	  28	  
quantitatively	  compare	  the	  results.	  We	  find	  that	  hotspot	  and	  tomographic	  slab-­‐remnant	  29	  
reference	   frames	   yield	   similar	   results	   for	   the	   last	   70	  Myr.	   For	   the	   130-­‐70	  Ma	   period,	  30	  
where	   hotspot	   reference	   frames	   are	   less	  well	   constrained,	   these	  models	   yield	   a	  much	  31	  
more	   dispersed	   distribution	   of	   slab	   advance	   and	   retreat	   velocities.	   By	   contrast,	   plate	  32	  
motions	  calculated	  using	  the	  slab-­‐remnant	  reference	  frame,	  or	  using	  a	  reference	  frame	  33	  
designed	  to	  minimise	  net	  rotation,	  yield	  more	  consistent	  subduction	  zone	  kinematics	  for	  34	  
times	   older	   than	   70	   Ma.	   Introducing	   the	   global	   optimisation	   of	   trench	   migration	  35	  
characteristics	   as	   a	   key	   criterion	   in	   the	   construction	   of	   APM	   models	   forms	   the	  36	  
foundation	  of	  a	  new	  method	  of	  constraining	  APMs	  (and	  in	  particular	  paleolongitude)	  in	  37	  
deep	  geological	  time.	  38	  
	   	  39	  
	  
	   3	  
	  40	  
1.	  Introduction	  41	  
	  42	  
Tectonic	   plates,	   and	   the	   network	   of	   plate	   boundaries	   that	   separate	   them,	   are	   in	  43	  
perpetual	  motion	  at	  Earth's	  surface.	  A	  remaining	  challenge	  is	  to	  derive	  models	  that	  fully	  44	  
integrate	   these	   surface	   plate	   motions	   with	   the	   dynamics	   of	   the	   underlying	   mantle	  45	  
(Torsvik	   et	   al.,	   2008).	   Observations	   from	   linear	   seamount	   chains	   (Morgan,	   1972),	  46	  
paleomagnetic	   data	   (Irving,	   1977)	   and	  more	   recently	   seismic	   tomographic	   imaging	   of	  47	  
subducted	  slab	  material	  (van	  der	  Meer	  et	  al.,	  2010;	  Butterworth	  et	  al.,	  2014)	  all	  provide	  48	  
evidence	   for	   the	   absolute	   motion	   of	   plates	   with	   respect	   to	   the	   deep	   mantle.	  49	  
Reconstructions	   of	   the	  Earth's	   plate	   tectonic	   system	   since	   the	  Mesozoic	   (Gurnis	   et	   al.,	  50	  
2012;	   Seton	   et	   al.,	   2012)	   have	   been	   built	   by	   combining	   geological	   and	   geophysical	  51	  
observations	   that	   constrain	   both	   relative	   plate	   motions	   (e.g.	   through	   magnetic	  52	  
anomalies,	   satellite	   altimetry	   data)	   and	   APMs.	   These	   reconstructions	   provide	   insights	  53	  
into	  the	  characteristics	  of	  Earth's	  plate	  tectonic	  system,	  such	  as	  its	  driving	  forces	  and	  the	  54	  
net	   rotation	   of	   the	   lithosphere	   	  (Ricard	   et	   al.,	   1991;	   Lithgow-­‐Bertelloni	   et	   al.,	   1993;	  55	  
Torsvik	   et	   al.,	   2010),	   the	   rates	   of	   production	   of	   ocean	   floor	   (Seton	   et	   al.,	   2009),	   the	  56	  
organisation	   of	   the	   plates	   (Morra	   et	   al.,	   2013),	   and	   long-­‐term	   sea-­‐level	   fluctuations	  57	  
(Müller	  et	  al.,	  2008).	  58	  
	  59	  
It	  is	  clearly	  desirable	  to	  know	  how	  the	  plates	  are	  moving	  relative	  to	  the	  deep	  Earth,	  yet,	  60	  
even	  for	  contemporary	  plate	  motion	  models	  (e.g.	  DeMets	  et	  al.,	  1994,	  Gripp	  and	  Gordon,	  61	  
2002)	   spanning	   the	   Pliocene-­‐present,	   significant	   discrepancies	   exist	   between	  62	  
alternative	   estimates	   of	   absolute	   global	   plate	  motions.	  Much	   of	   the	   uncertainty	   stems	  63	  
from	  the	  differences	  between	  APM	  models,	  a	  situation	  that	  provides	  a	  major	  challenge	  64	  
to	  assessing	   the	   relationship	  between	  surface	  plate	  motions	  and	  Earth’s	  deep	   interior.	  65	  
Studies	  combining	  numerical	  and	  laboratory	  experiments	  and	  observations	  to	  constrain	  66	  
present	  day	  kinematics	  (e.g.	  Conrad	  and	  Behn,	  2010;	  Funiciello	  et	  al.,	  2008;	  Lallemand	  et	  67	  
al.,	   2008;	   Husson,	   2012)	   provide	   insights	   into	   what	   might	   be	   considered	   a	  68	  
geodynamically	   reasonable	   prediction	   of	   present-­‐day	   plate	   behaviour.	   For	   example,	  69	  
Conrad	  and	  Behn	  (2010)	  used	  modelling	  and	  analysis	  of	  shear	  wave	  splitting	   to	  argue	  70	  
that	  net	   lithospheric	  rotation	  (NLR)	  is	  unlikely	  to	  ever	  exceed	  0.26	  deg/Myr.	  However,	  71	  
some	   contemporary	   reference	   frames	   based	   on	   different	   assumptions	   of	   hotspot	  72	  
dynamics	   yield	  much	   larger	   estimates	   for	  NLR,	   for	   example	   0.44	   deg/Myr	   (Gripp	   and	  73	  
Gordon,	   2002;	   subsequently	   revised	   down	   to	   0.34	   deg/Myr,	   Zheng	   et	   al.,	   2010),	   and	  74	  
approaching	  1.5	  deg/Myr	  (Cuffaro	  and	  Doglioni,	  2007).	  	  75	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  76	  
In	   addition	   to	   NLR	   considerations,	   Schellart	   et	   al.	   (2008)	   proposed	   several	   further	  77	  
criteria	   to	   rank	   alternative	   global	   models	   of	   present-­‐day	   APMs;	   they	   suggested	   that	  78	  
trench	   retreat	   should	   dominate	   over	   advance	   and	   that	   the	   absolute	   trench-­‐79	  
perpendicular	  migration	  velocity	  should	  be	  minimized	  in	  the	  centre	  of	  wide	  subduction	  80	  
zones.	   A	   more	   general	   approach	   to	   plate	   boundary	   stability	   was	   proposed	   by	   Kaula	  81	  
(1975),	   who	   derived	   a	   series	   of	   models	   for	   contemporary	   APMs	   that	   minimised	   the	  82	  
translational	  motion	  of	  plate	  boundaries.	  	  83	  
	  84	  
Using	   plate	   tectonic	   reconstructions	   with	   continuously	   closing	   plates	   (Gurnis	   et	   al.,	  85	  
2012),	  the	  characteristics	  of	  trench	  migration	  and	  NLR	  can	  be	  calculated	  over	  geological	  86	  
timescales	  for	  different	  reference	  frames.	  The	  results	  constitute	  an	  independent	  test	  of	  87	  
reference	   frames	   derived	   from	   hotspot	   trails	   or	   paleomagnetic	   data,	   allowing	   us	   to	  88	  
evaluate	   which	   published	   models	   give	   the	   most	   geodynamically	   plausible	  89	  
characteristics.	  Here,	  we	  compute	  absolute	  trench	  migration	  rates	  for	  eight	  APM	  models	  90	  
for	   the	   last	   130	   Myr.	   To	   complement	   our	   analysis	   we	   also	   compute	   global	   plate	  91	  
velocities	   and	  NLR,	   and	  explore	   the	   fit	   to	   observations	  of	   predicted	  hotspot	   trails.	  We	  92	  
investigate	   the	   long-­‐term	  balance	  between	   trench	  advance	  and	  retreat,	   test	  how	   these	  93	  
results	   are	   dependent	   on	   the	   APM	  model,	   and	   explore	   the	   idea	   that	   trench	  migration	  94	  
rates	  can	  be	  used	  to	  rank	  alternative	  reference	  frames.	  95	  
	  96	  
2.	  Formulation	  of	  analysis	  97	  
	  98	  
2.1.	  Relative	  plate	  motions	  	  99	  
We	  use	  the	  relative	  plate	  motion	  (RPM)	  model	  of	  Seton	  et	  al.	  (2012)	  with	  updates	  for	  the	  100	  
Arctic	  based	  on	  Shephard	  et	  al.	   (2013).	   	  This	  model	   incorporates	   continuously	   closing	  101	  
plates	  (Gurnis	  et	  al.,	  2012)	  providing	  a	  continuous	  description	  of	  plate	  boundaries	  and	  102	  
velocities	   for	   the	   last	  200	  Myr.	  The	  RPM	  model	   is	   constructed	  using	   a	  plate	  hierarchy	  103	  
with	  Africa	  at	  the	  top,	  and	  all	  other	  plate	  motions	  are	  defined	  through	  relative	  motions	  104	  
between	  pairs	  of	  plates	  (with	  the	  exception	  of	  plates	  in	  the	  Pacific	  realm	  prior	  to	  83	  Ma).	  105	  
The	  APM	  models	  considered	  in	  this	  study	  are	  all	  defined	  in	  terms	  of	  the	  absolute	  motion	  106	  
of	  Africa,	  the	  continent	  typically	  chosen	  to	  link	  the	  plates	  to	  the	  deep	  Earth	  on	  the	  basis	  107	  
that	  it	  has	  been	  the	  most	  stable	  major	  plate	  since	  the	  breakup	  of	  Pangea	  as	  it	  has	  been	  108	  
surrounded	  by	  spreading	  ridges	  (e.g.	  Burke	  and	  Torsvik,	  2004).	  The	  absolute	  motion	  of	  109	  
other	  plates	  depends	  on	  a	  combination	  of	  the	  Africa	  APM	  and	  the	  relative	  plate	  motions	  110	  
within	   a	   chain	   that	   links	   this	   plate	   to	  Africa	   -­‐	   for	   example,	   the	   absolute	  motion	  of	   the	  111	  
	  
	   5	  
Australian	  plate	  depends	  on	  a	  RPM	  chain	  through	  East	  Antarctica	  to	  Africa.	  In	  this	  sense,	  112	  
uncertainties	   in	   APMs	   increase	   for	   plates	   with	   long	   plate	   chains	   to	   Africa.	   	   Using	   the	  113	  
same	   RPM	   model,	   we	   test	   a	   range	   of	   APM	   models	   derived	   using	   three	   broad	  114	  
methodologies:	   hotspot	   trails,	   paleomagnetic	   data,	   and	   matching	   of	   past	   subduction	  115	  
zone	  locations	  to	  fast	  seismic	  tomography	  anomalies	  in	  the	  lower	  mantle.	  116	  
	  117	  
2.2.	  Absolute	  plate	  motions	  118	  
Absolute	   plate	  motions	   broadly	   describe	   how	   lithospheric	   plates	  move	   relative	   to	   the	  119	  
Earth’s	  deep	  interior.	  Classic	  attempts	  to	  derive	  APM	  models	  stem	  from	  the	  theory	  that	  120	  
hotspot	   trails	   are	   generated	   by	  mantle	   plumes	   rising	   from	   the	   deep	  mantle,	   and	   that	  121	  
age-­‐progressive	  trends	  of	  seamounts	  along	  linear	  volcanic	  trails	  reveal	  the	  motion	  of	  the	  122	  
plates	   relative	   to	   these	   hotspots,	   and	   therefore	   the	   Earth’s	   deep	   interior.	   Hotspot	  123	  
reference	   frames	   are	   underpinned	   by	   radiometric	   dating	   of	   samples	   recovered	   from	  124	  
such	   trails	   within	   the	   Atlantic,	   Indian,	   and	   Pacific	   ocean	   basins.	   Two	   significant	  125	  
challenges	   are	   to	   combine	   information	   from	   trails	   on	   different	   plates	   (due	   to	  126	  
uncertainties	   in	  RPM),	  and	  to	  account	  for	  possible	  hotspot	  motions	  (e.g.	  Steinberger	  et	  127	  
al.,	  2004;	  Doubrovine	  et	  al.,	  2012).	  	  128	  
	  129	  
Müller	   et	   al.	   (1993;	   herein	   denoted	   M1993)	   defined	   APMs	   relative	   to	   Africa	   using	  130	  
hotspot	  tracks	  within	  the	  Indian	  and	  Atlantic	  oceans,	  assuming	  relative	  fixity	  of	  hotspots	  131	  
within	   the	   Indo-­‐Atlantic	   realm	   from	   130	   Ma	   to	   present-­‐day.	   Combining	   information	  132	  
from	  Indo-­‐Atlantic	   trails	  with	  models	  of	  mantle	  convection,	  O'Neill	  et	  al.	   (2005;	  herein	  133	  
denoted	   O2005)	   proposed	   a	   model	   of	   APMs	   relative	   to	   Africa	   that	   incorporated	  134	  
estimates	  of	  hotspot	  motions.	  While	  taking	  lateral	  motion	  of	  plumes	  in	  the	  mantle	  into	  135	  
account	  is	  an	  improvement	  compared	  to	  fixed	  hotspots,	  the	  APMs	  derived	  using	  mantle	  136	  
convection	   models	   are	   only	   valid	   within	   the	   physics	   and	   parameters	   of	   a	   given	  137	  
geodynamic	   model.	   	  There	   is	   therefore	   some	   inconsistency	   when	   APMs	   based	   on	  138	  
geodynamic	  models	   are	  used	  as	  boundary	   conditions	  of	  mantle	   flow	  models	  based	  on	  139	  
distinct	   physics,	   assumptions	   and	   parameters	   (see	   discussion	   in	   Rudolph	   and	   Zhong,	  140	  
2014).	  	  	  141	  
	  142	  
Global	  analyses	  of	  plate	  motions	  relative	  to	  hotspots	  are	  complicated	  by	  the	  difficulty	  in	  143	  
constructing	   a	   well-­‐constrained	   RPM	   model	   that	   links	   the	   Pacific	   and	   Indo-­‐Atlantic	  144	  
regions.	  A	  long-­‐standing	  issue	  within	  global	  RPM	  models	  surrounds	  the	  Cenozoic	  motion	  145	  
within	  West	   Antarctica.	   An	   accurate	   quantification	   of	   this	  motion	   is	   difficult,	   but	   it	   is	  146	  
crucial	   to	   the	   identification	   of	   large-­‐scale	   relative	   motions	   between	   hotspots	   in	   the	  147	  
	  
	   6	  
Pacific	  and	   Indo-­‐Atlantic	  domains	   (Cande	  et	  al.,	  2000;	  Sutherland,	  2008).	  Due	   to	   these	  148	  
RPM	  uncertainties,	  the	  numerous	  age-­‐progressive	  volcanic	  trails	  recorded	  on	  the	  Pacific	  149	  
plate	   and	   Pacific	   APMs	   have	   typically	   been	   studied	   separately	   from	   the	   Indian	   and	  150	  
Atlantic	  realms	  (e.g.	  Wessel	  and	  Kroenke,	  2008).	  Even	  within	  the	  Pacific	  domain	  alone,	  151	  
the	  analysis	   is	   complicated	  by	  evidence	   for	   relative	  motion	  between	  hotspots,	  notably	  152	  
Hawaii	  and	  Louisville	  (Koppers	  et	  al.,	  2012).	  	  153	  
	  154	  
Attempts	   to	  model	  APMs	  and	  hotspot	  motions	  have	   yielded	   two	  generations	  of	   global	  155	  
moving	  hotspot	  models	  where	  the	  trails	  of	  age-­‐progressive	  volcanism	  within	  the	  Indian,	  156	  
Atlantic	  and	  Pacific	  ocean	  basins	  are	  reconciled	  (Steinberger	  et	  al.,	  2004,	  Torsvik	  et	  al.,	  157	  
2008,	   herein	   denoted	   T2008;	   Doubrovine	   et	   al.,	   2012,	   herein	   denoted	   D2012).	   These	  158	  
models	   focus	   on	   volcanic	   trails	   associated	   with	   ‘deep’	   plumes,	   whose	   motions	   were	  159	  
predicted	   using	   geodynamic	   models	   of	   mantle	   flow	   using	   backward	   advection	   of	   the	  160	  
present-­‐day	   temperature	   field	   derived	   from	   seismic	   tomography.	   Importantly,	   APMs	  161	  
derived	  using	  this	  approach	  are	  only	  strictly	  valid	  within	  the	  physics	  and	  parameters	  of	  162	  
the	   geodynamic	   model	   used.	   In	   particular,	   moving	   hotspot	   models	   without	   lateral	  163	  
viscosity	  variations	  do	  not	  allow	  differential	  rotation	  between	  the	  lithosphere	  and	  lower	  164	  
mantle.	   Global	   reference	   frames	   assuming	   either	   fixed	   or	  moving	   hotspots	   both	   yield	  165	  
reasonable	  fits	  to	  age	  samples	  for	  times	  younger	  than	  50	  Ma,	  but	  fixed	  hotspot	  models	  166	  
yield	  unacceptable	  misfits	  for	  the	  50-­‐80	  Ma	  period	  compared	  to	  moving	  hotspot	  models	  167	  
(Doubrovine	  et	  al.,	  2012).	  	  168	  
	  169	  
As	  an	  alternative	  to	  using	  hotspot	  trails,	  reference	  frames	  have	  also	  been	  derived	  based	  170	  
purely	  on	  paleomagnetic	  data	   (Schettino	  and	  Scotese,	  2005;	  Torsvik	  et	  al.,	  2012).	  Two	  171	  
widely	  recognised	  limitation	  of	  APM	  models	  based	  on	  paleomagnetic	  data	  alone	  are	  that	  172	  
they	   lack	   longitudinal	   constraint,	   and	   that	   they	  may	  contain	   components	  of	   true	  polar	  173	  
wander	   (TPW;	  e.g.	   Steinberger	  and	  Torsvik,	  2008).	  Nonetheless,	   for	   times	  prior	   to	   the	  174	  
oldest	  preserved	  seamount	  chains,	  paleomagnetic	  data	  are	  the	  most	  powerful	  constraint	  175	  
on	  absolute	  plate	  positions.	  A	  recently	  developed	  approach	  to	  constrain	  paleolongitude	  176	  
through	   deep	   time	   is	   the	   mapping	   of	   slab	   remnants	   within	   the	   mantle	   from	   seismic	  177	  
tomography	  (van	  der	  Meer	  et	  al.,	  2010).	  Combining	  these	  mapped	  slab	  remnants	  with	  a	  178	  
RPM	   model,	   and	   assuming	   slabs	   sink	   vertically	   at	   an	   average	   rate	   determined	   to	   be	  179	  
~12mm/yr,	   van	   der	   Meer	   et	   al.	   (2010)	   defined	   an	   APM	   model	   with	   constraints	   on	  180	  
longitude	   for	   the	   last	   ~250	   Myr.	   For	   the	   last	   ~130	   Myr	   the	   slab-­‐remnant	   approach	  181	  
implies	  westward	  longitudinal	  shift	  of	  all	  plates	  by	  up	  to	  18º	  compared	  to	  APM	  models	  182	  
derived	  from	  hotspot	  trails.	  	  183	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  184	  
We	  test	  the	  van	  der	  Meer	  et	  al.	  (2010;	  herein	  denoted	  V2010)	  reference	  frame	  as	  well	  as	  185	  
two	   purely	   paleomagnetic	   reference	   frames:	   those	   of	   Schettino	   and	   Scotese	   (2005;	  186	  
herein	  denoted	  S2005),	  and	  the	  ‘Running	  Mean’	  reference	  frame	  of	  Torsvik	  et	  al.	  (2012;	  187	  
herein	  denoted	  T2012).	  We	  also	  consider	  a	  'no-­‐net	  rotation'	  APM	  model	  derived	  for	  the	  188	  
last	  130	  Ma	  by	  removing	  the	  net	  rotation	  stage	  pole	  at	  1	  Myr	  intervals,	  and	  determining	  189	  
the	  APM	  path	  for	  Africa	  that	  minimizes	  NLR	  (see	  also	  Shephard	  et	  al.,	  2014).	  We	  confine	  190	  
our	   analysis	   to	   the	   last	   130	  Myr,	   since	   this	   is	   the	   limit	   of	   prediction	   of	   the	   reference	  191	  
frames	  constrained	  by	  hotspot	  trails.	  Figure	  1	  shows	  how	  the	  absolute	  motion	  of	  a	  point	  192	  
within	  Africa	  varies	  between	  the	  different	  APM	  models	  (cf.	  Doubrovine	  et	  al.,	  2012).	  All	  193	  
models	   consistently	   show	   an	   overall	   northward	   motion	   of	   Africa	   since	   the	   Early	  194	  
Cretaceous,	   but	   with	   significant	   variations	   in	   the	  magnitude	   of	   eastward	  motion,	   and	  195	  
significant	  variations	  in	  the	  magnitude	  and	  direction	  of	  Africa	  motion	  over	  shorter	  (10-­‐196	  
30	  Ma)	  time	  frames.	  	  197	  
	  198	  
2.3.	  Computed	  quantities	  199	  
The	  primary	  focus	  of	  our	  study	  is	  to	  compute	  trench	  migration	  rates	  for	  alternative	  APM	  200	  
models.	  We	  first	  compute	  topologically	  closed	  plate	  boundaries	  in	  1	  Myr	  intervals,	  then	  201	  
for	  each	  time	  step,	  the	  subduction	  zones	  are	  extracted	  and	  resampled	  to	  regular	  spaced	  202	  
segments	   of	   1	   arc	   degree,	   and	   the	   trench-­‐normal	   velocity	   is	   computed	   for	   each	   point	  203	  
using	  the	  local	  orientation	  of	  the	  subduction	  zone	  and	  the	  plate	  kinematics	  (APM	  +	  RPM;	  204	  
Fig.	  2	  and	  S1).	  For	  each	  subduction	  zone	  segment,	   the	  migration	  rate	   is	  defined	  as	   the	  205	  
component	   of	   the	   absolute	   velocity	   of	   the	   subduction	   trench	   orthogonal	   to	   the	  206	  
orientation	   of	   the	   line	   segment	   (e.g.	   Lallemand	   et	   al.,	   2005).	   We	   analyse	   trench	  207	  
migration	  through	  time	  for	  each	  APM	  model	  (Figs	  3	  and	  4).	  208	  
	  209	  
We	   calculate	   NLR	   for	   each	   APM	   model	   (Fig.	   5a)	   following	   the	   method	   outlined	   by	  210	  
Torsvik	   et	   al.	   (2010).	   For	   consistency	   with	   previous	   studies,	   we	   calculate	   NLR	   from	  211	  
absolute	  plate	  velocities	  averaged	  over	  10	  Myr	  on	  a	  mesh	  of	  points	  with	  a	  mean	  spacing	  212	  
of	  ~50	  km.	  We	  also	  compute	  the	  L2-­‐norm	  (i.e.	  the	  mean	  amplitude	  of	  the	  velocity	  field)	  213	  
of	   all	   surface	   plate	   velocities	   for	   each	   time	   interval	   (Fig.	  5b),	   which	   is	   expected	   to	   be	  214	  
proportional	  to	  NLR	  (Alisic	  et	  al.,	  2012;	  Fig.	  5c).	  For	  times	  older	  than	  83	  Ma,	  the	  Pacific	  215	  
plate	  is	  surrounded	  by	  subduction	  zones	  and	  cannot	  be	  linked	  to	  Africa	  within	  an	  RPM	  216	  
model	  (Seton	  et	  al.,	  2012).	  For	  all	  our	  calculations,	  absolute	  motion	  of	  the	  Pacific	  plate	  217	  
for	   the	  130-­‐83	  Ma	  period	  are	  derived	  using	  stage	  rotations	  calculated	   from	  the	  Pacific	  218	  
absolute	  motion	  model	  of	  Wessel	  and	  Kroenke	  (2008).	  219	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  220	  
We	   perform	   some	   simple	   calculations	   to	   assess	   the	   degree	   to	   which	   different	   APM	  221	  
models	  satisfy	  hot	  spot	  trails.	  For	  a	  uniform	  comparison	  across	  all	  models,	  we	  generated	  222	  
trail	   predictions	   for	   seamount	   trails	   in	   the	  Atlantic,	   Indian	   and	  Pacific	   oceans	   and	   the	  223	  
Tasman	   Sea,	   combining	   the	   Seton	   et	   al	   (2012)	   RPM	  model	   and	   using	   a	   fixed	   hotspot	  224	  
approximation.	  Comparisons	  are	  both	  qualitative,	  plotting	  predicted	  trail	  paths	  against	  225	  
observed	  seamount	  chains	   (Fig.	  6),	  and	  quantitative,	  using	  a	  simple	  distance	  metric	   to	  226	  
assess	  the	  misfit	  between	  observed	  and	  predicted	  ages	  for	  sites	  that	  have	  been	  sampled	  227	  
and	   radiometrically	   dated	   (see	   Supplementary	   section	   B).	   Where	   available,	   we	  228	  
compared	   predictions	   from	  moving	   hotspot	   models	   using	   individual	   hotspot	   motions	  229	  
and	   alternative	   plate	   chains	   linking	   the	   Pacific	   with	   Africa	   APM	   (see	   Supplementary	  230	  
section	  B	  for	  a	  more	  detailed	  description).	  231	  
	  232	  
3.	  Results	  233	  
	  234	  
3.1.	  Trench	  kinematics	  235	  
We	  calculate	  trench	  kinematics	  through	  time	  for	  all	  tested	  APM	  models	  (Figs	  2	  and	  S1).	  236	  
In	  particular,	  we	  focus	  on	  the	  trench-­‐orthogonal	  absolute	  trench	  migration	  (Schellart	  et	  237	  
al.,	   2008).	   Trench	   advance	   and	   retreat	   are	   plotted	   with	   red	   and	   blue	   arrows	  238	  
respectively,	  with	  each	  of	  the	  plotted	  time	  steps	  showing	  a	  greater	  tendency	  for	  trench	  239	  
retreat.	  The	  most	   rapid	   trench	  migration	  velocities	  correspond	   to	   the	  retreating	   intra-­‐240	  
oceanic	   subduction	  zones	  of	   the	  western	  Pacific,	  where,	   the	  RPM	  model	   is	   likely	   to	  be	  241	  
poorly	   constrained.	   In	   that	   region,	   relative	   kinematics	   of	   back-­‐arc	   spreading	   rely	   on	  242	  
fragments	   of	   paleomagnetic	   evidence,	   and	   the	   absolute	   motions	   of	   trenches	   within	  243	  
Melanesia	  and	  the	  Izu-­‐Bonin-­‐Marianas	  system	  are	  computed	  using	  long	  plate	  chains	  to	  244	  
Africa.	   Nevertheless,	   magnitudes	   less	   than	   100	   mm/yr	   are	   well	   within	   the	   range	   of	  245	  
estimates	   for	  present-­‐day	  kinematics	   in	  this	  region	  (Funiciello	  et	  al.,	  2008;	  Schellart	  et	  246	  
al.,	  2008).	  	  247	  
	  248	  
Trench	   migration	   tends	   to	   be	   smaller	   in	   amplitude	   along	   the	   convergent	   margins	   of	  249	  
major	   continents	   (e.g.	   the	   western	   margins	   of	   North	   and	   South	   America	   and	   the	  250	  
southern	  margin	  of	  Eurasia).	  There	   is,	   however,	   significant	   variation	   in	   trench	  motion	  251	  
along	   the	  margins	  of	   these	   continents	   since	  130	  Ma,	   following	  a	  pattern	   that	   is	  highly	  252	  
dependent	  on	  the	  APM	  model	  used.	  Figure	  2	  shows	  a	  small	  subset	  of	  the	  results	  for	  two	  253	  
different	  APM	  models	   at	   three	   different	   time	   periods	   to	   give	   a	   sense	   of	   how	  different	  254	  
APM	   models	   predict	   different	   patterns	   of	   trench	   kinematics.	   Three	   plate	   kinematic	  255	  
	  
	   9	  
snapshots	  are	  shown	   for	  APM	  models	  D2012	  and	  V2010.	  Notable	  differences	  between	  256	  
the	  temporal	  pattern	  of	  trench	  dynamics	  are	  observed	  at	  each	  stage.	  For	  example,	  APM	  257	  
model	   V2010	   predicts	   moderate	   trench	   retreat	   along	   the	   western	   margin	   of	   North	  258	  
America	   at	   75	   and	   65	   Ma	   followed	   by	   more	   rapid	   trenchward	   migration	   of	   the	  259	  
overriding	   plate	   around	   55	  Ma.	   In	   contrast,	   APM	  model	   D2012	   produces	  much	  more	  260	  
rapid	  trench	  retreat	  at	  75	  Ma,	  and	  an	  almost	  stationary	  trench	  at	  55	  Ma.	  	  261	  
	  262	  
To	   compare	   the	   overall	   trench-­‐normal	   trench	   migration	   rates,	   VT,	   for	   different	   APM	  263	  
models,	  we	   represent	   the	   results	   as	   histograms	   of	   the	   global	   distribution	   of	   values	   at	  264	  
1	  Myr	  intervals	  (Fig.	  3).	  Rates	  calculated	  with	  velocities	  averaged	  over	  5	  and	  10	  Myr	  give	  265	  
similar	   results	   (Fig.	   S3).	   Positive	   values	   represent	   trench	   retreat	   and	   negative	   values	  266	  
trench	   advance,	   and	   the	   colour	   intensity	   is	   proportional	   to	   the	   number	   of	   subduction	  267	  
zones	  moving	  at	  given	  velocities,	  subdivided	  into	  5	  mm/yr	  bins.	  Histograms	  for	  the	  most	  268	  
recent	  time	  intervals	  are	  comparable	  to	  those	  computed	  by	  Schellart	  et	  al.	  (2008).	  	  269	  
	  270	  
Qualitatively,	   the	  characteristic	   trend	   for	  all	  models	   is	   for	  a	  distribution	   that	   straddles	  271	  
zero	  but	   is	   skewed	  slightly	   towards	   trench	   retreat	   (the	  plots	  are	  more	  blue	   than	   red).	  272	  
For	  the	  four	  hotspot	  reference	  frames	  (Fig.	  3a-­‐d),	  a	  first-­‐order	  observation	  is	  that	  trench	  273	  
migration	  rates	  under	  30	  mm/yr	  dominate	  for	  much	  of	  the	  Cenozoic,	  but	  rates	  become	  274	  
progressively	   more	   scattered	   before	   50	   Ma.	   Second-­‐order	   trends	   include	   a	   phase	   of	  275	  
highly	   dispersed	   trench	   migration	   rates	   in	   APM	  model	   O2005	   from	   50-­‐60	   Ma,	   and	   a	  276	  
large	  proportion	  of	  advancing	  trenches	  in	  APM	  model	  D2012	  between	  60-­‐70	  Ma	  (Fig.	  3b	  277	  
and	  3d).	  278	  
	  279	  
Compared	  to	  hotspot	  APM	  models,	  models	  derived	  from	  paleomagnetic	  data	  (S2005	  and	  280	  
T2012)	  show	  a	  more	  dispersed	  pattern	  of	  trench	  migration	  rates	  for	  the	  entire	  0-­‐130	  Ma	  281	  
time	  period	  (Fig.	  3).	  By	  contrast,	  reference	  frames	  based	  on	  slab	  remnants	  (V2010),	  or	  282	  
assuming	  no-­‐net-­‐rotation	  of	  the	  lithosphere	  result	   in	  distributions	  which,	  qualitatively,	  283	  
imply	   trench	   migration	   rates	   closer	   to	   zero,	   and	   with	   a	   distribution	   which	   does	   not	  284	  
appear	  significantly	  more	  scattered	  with	  increasing	  age	  (Fig.	  3).	  285	  
	  286	  
We	  compute	  some	  diagnostic	  measures	  for	  all	  the	  models	  to	  compare	  and	  contrast	  the	  287	  
geodynamic	   characteristics	   implied	   by	   the	   different	   APM	   models,	   following	   the	  288	  
approach	   of	   Schellart	   et	   al.	   (2008).	   Figure	   4	   shows	   the	   standard	   deviation	   of	   trench	  289	  
migration	   (Fig.	   4a),	   the	   percentage	   of	   retreating	   trench	   segments	   (Fig.	   4b),	   the	  290	  
percentage	   of	   segments	  with	   trench	  migration	   >	   30	  mm/yr	   (Fig.	   4c)	   or	   <	   -­‐30	  mm/yr	  291	  
	  
	   10	  
(Fig.	  4d),	   and	   the	   mean	   absolute	   value	   of	   trench	   motion	   (Fig.	   4e).	   Each	   quantity	   is	  292	  
calculated	  at	  1	  Myr	  intervals,	  then	  plotted	  as	  a	  5	  Myr	  moving	  average.	  Where	  possible,	  293	  
the	   value	   calculated	   by	   Schellart	   et	   al.	   (2008)	   for	   the	   highest-­‐ranked	   model	   of	  294	  
contemporary	   plate	   motions,	   computed	   using	   APM	   model	   O2005	   but	   a	   RPM	   for	  295	  
contemporary	  plate	  motions	   (DeMets	  et	  al.,	  1994),	   is	  plotted	   for	  comparison	   (denoted	  296	  
by	  triangles	  at	  0	  Ma	  in	  Fig.	  4).	  	  297	  
	  298	  
The	  standard	  deviation	  and	  mean	  norm	  of	  VT	  both	  vary	  between	  15	  and	  35	  mm/yr	  for	  299	  
most	   APM	   models.	   In	   the	   latter	   case,	   the	   range	   is	   consistent	   with	   the	   value	   of	  300	  
~21	  mm/yr	  computed	  by	  Schellart	  et	  al.	  (2008)	  for	  the	  present-­‐day.	  The	  percentage	  of	  301	  
retreating	   trenches	   remains	   below	   25%	   for	   non-­‐paleomagnetic	   APM	   models	   back	   to	  302	  
50	  Ma,	   compared	   to	   the	   present-­‐day	   estimate	   of	   ~18%	   (Schellart	   et	   al.,	   2008).	   The	  303	  
present-­‐day	  percentage	  of	  retreating	  segments	  is	  60-­‐65%,	  which	  is	  slightly	  less	  than	  the	  304	  
~75%	   calculated	   by	   Schellart	   et	   al.	   (2008).	   The	   percentages	   of	   segments	   advancing	  305	  
faster	  than	  30	  mm/yr	  (2-­‐12%)	  are	  greater	  than	  the	  1.6%	  in	  the	  highest-­‐ranked	  model	  of	  306	  
Schellart	   et	   al.	   (2008).	   These	   differences	   are	   likely	   attributable	   to	   the	   differing	   RPM	  307	  
model	   since	   Schellart	   et	   al.,	   (2008)	   used	   APM	   model	   O2005	   included	   in	   the	   present	  308	  
analysis.	   Our	   values	   for	   periods	   earlier	   in	   the	   Cenozoic	   fall	   within	   a	   range	   consistent	  309	  
with	  Schellart	  et	  al.’s	  (2008)	  present-­‐day	  values.	  310	  
	  311	  
3.2.	  Net	  lithospheric	  rotation	  312	  
Our	  results	  for	  NLR	  over	  the	  last	  130	  Myr	  (Fig.	  5a)	  are	  an	  expansion	  of	  those	  of	  Torsvik	  313	  
et	  al.	   (2010),	  who	  compared	  a	   subset	  of	  hotspot	  models.	  The	  hotspot	  APM	  models	  we	  314	  
explored	  all	  show	  a	  long	  term	  decline	  in	  net	  rotation	  with	  age	  since	  the	  early	  Cretaceous	  315	  
(Fig.	   5a),	   which	   Torsvik	   et	   al.	   (2010)	   attributed	   to	   increasing	   uncertainty	   in	   the	  316	  
kinematics	   and	   plate	   boundary	   configurations	   of	   their	   RPM	   model	   with	   age.	   The	  317	  
computed	  L2-­‐norm	  velocity	  also	  produces	  a	  long-­‐term	  decline,	  even	  for	  the	  NNR	  model	  318	  
(Fig.	  5b).	  The	  strong	  correlation	  between	  the	  magnitudes	  of	  NLR	  and	  L2-­‐norm	  velocity	  319	  
(Alisic	   et	   al.,	   2012)	   is	   illustrated	   by	   Fig.	   5c,	  which	   for	   all	   APM	  models	   shows	   a	   linear	  320	  
relationship	   for	   ages	   younger	   than	  ~60	  Ma,	   becoming	  more	   scattered	   for	   older	   times.	  321	  
Compared	   to	   hotspot	   APM	   models,	   model	   V2010	   produces	   a	   similar	   though	   less	  322	  
pronounced	  declining	  trend	  in	  NLR	  since	  130	  Ma.	  The	  two	  paleomagnetic	  APM	  models	  323	  
tested	  yield	  NLR	  similar	  to	  other	  models	  at	  the	  oldest	  times	  (>0.25	  deg/Myr),	  but	  rather	  324	  
than	  declining,	  large	  NLR	  persists	  to	  present-­‐day.	  	  325	  
	  326	  
	  
	   11	  
Variations	   in	  NLR	   over	   short	   (~10-­‐20	  Myr)	   timescales	   have	   been	   attributed	   either	   to	  327	  
changing	  area	  and	  velocity	  of	  the	  Pacific	  plate,	  or	  to	  the	  large	  changes	  in	  the	  velocity	  of	  328	  
the	   Indian	   plate	   (Torsvik	   et	   al.,	   2010).	   These	   latter	   events	  may	   be	   linked	   to	   the	   large	  329	  
spike	   in	  NLR	  apparent	   in	  APM	  models	  O2005	  and	  V2010	  between	  50-­‐60	  Ma.	  Another	  330	  
explanation	  for	  why	  the	  50-­‐60	  Ma	  peak	  in	  NLR	  is	  most	  apparent	  in	  APM	  model	  O2005	  is	  331	  
the	   fitting	  of	   two	  hotspot	   tracks	  (Seychelles	  and	  Deccan	  Traps)	   for	   the	  Réunion	  plume	  332	  
during	  that	  period.	   	  A	  second	  period	  of	  large	  NLR	  and	  L2-­‐norm	  velocity	  is	  observed	  for	  333	  
all	  models	  from	  70-­‐80	  Ma,	  most	  pronounced	  in	  the	  D2012	  and	  coinciding	  with	  a	  phase	  334	  
of	  rapid	  northwestward	  motion	  of	  Africa	  in	  this	  model	  that	  is	  not	  seen	  in	  other	  models	  335	  
(Fig.	   1).	   We	   note	   that	   some	   difference	   between	   our	   results	   and	   previous	   ones	   is	  336	  
expected	   due	   to	   the	   use	   of	   alternative	   RPM	   models,	   and	   in	   particular,	   computing	   all	  337	  
absolute	  velocities	  for	  the	  Pacific	  domain	  using	  a	  Pacific	  mantle	  hotspot	  (Torsvik	  et	  al.,	  338	  
2010).	  339	  
	  340	  
3.3	  Fit	  to	  observations	  along	  hotspot	  trails	  341	  
The	   hotspot	   APM	  model	   giving	   the	   smallest	   RMS	  mismatch	   (Table	   2)	   varies	   between	  342	  
different	   trails,	   largely	   reflecting	   the	  methods	   used	   to	   constrain	   them.	   Model	   M1993,	  343	  
itself	  based	  on	  a	  fixed	  hotspot	  assumption	  for	  the	  Indo-­‐Atlantic	  hotspots,	  best	  reconciles	  344	  
observations	  for	  trails	  in	  the	  Atlantic.	  The	  lowest	  misfit	  for	  the	  Réunion	  and	  Tasmantid	  345	  
chains	  is	  given	  by	  model	  T2008,	  for	  which	  observations	  from	  the	  Réunion	  trail	  were	  one	  346	  
of	   the	   constraints.	   Model	   D2012	   gives	   the	   lowest	   misfit	   for	   the	   Pacific	   trails	   –	  347	  
observations	   from	   both	   Louisville	   and	   Hawaii-­‐Emperor	   trails	   were	   used	   in	   the	  348	  
derivation	   of	   this	   model.	   Between	   0-­‐100	   Ma,	   model	   V2010	   is	   derived	   by	   applying	  349	  
longitudinal	  shifts	  to	  model	  O2005,	  which	  result	  in	  a	  significantly	  larger	  RMS	  mismatch	  350	  
for	   the	   Tristan-­‐Gough	   and	   Réunion	   trails,	   but	   a	   lower	   mismatch	   for	   Hawaii	   and	   St	  351	  
Helena	  (Table	  2).	  Paleomagnetic	  models	  S2005	  and	  T2012	  give	  significantly	  higher	  RMS	  352	  
values,	  at	  least	  double	  the	  best-­‐fitting	  model	  for	  each	  trail	  (Table	  2).	  353	  
	  354	  
Figure	  6	  shows	  predicted	  trails	  for	  three	  APM	  models	  –	  a	  fixed	  hotspot	  model	  (M1993),	  355	  
a	  moving	   hotspot	  model	   (D2012)	   and	   the	  V2010	  model	  which	   is	   decoupled	   from	   any	  356	  
hotspot	  model.	  In	  order	  to	  present	  the	  D2012	  model	  in	  a	  self-­‐consistent	  manner,	  these	  357	  
trails	  are	  derived	  using	  individual	  hotspot	  motions,	  and	  using	  an	  alternative	  global	  RPM	  358	  
model	   in	  which	  the	  Pacific	   is	   linked	  to	  the	  Atlantic	  through	  the	  Lord	  Howe	  Rise	  before	  359	  
~45	   Ma	   (Doubrovine	   et	   al.,	   2012).	   A	   closer	   agreement	   between	   predictions	   and	  360	  
observations	   is	   expected	   for	   the	   D2012	   model,	   and	   is	   particularly	   apparent	   for	   the	  361	  
Hawaii-­‐Emperor.	  For	  trails	  that	  lie	  either	  entirely	  or	  predominantly	  on	  the	  African	  plate,	  362	  
	  
	   12	  
the	   V2010	   model	   shows	   significant	   offset	   to	   the	   observations	   under	   a	   fixed	   hotspot	  363	  
approximation,	  implying	  rapid	  hotspot	  motion.	  	  364	  
	  365	  
4.	  Discussion	  366	  
	  367	  
4.1.	  Long-­‐term	  trends	  in	  trench	  migration	  	  368	  
Our	   analysis	   suggests	   that	   the	   long	   term,	   global	   average	   tendency	   of	   trenches	   is	   for	  369	  
retreat	   to	   dominate	   over	   advance	   (Figs	   4b,c,d),	   consistent	   with	   the	   kinematics	   of	  370	  
contemporary	  plate	  motions	   (Schellart	   et	   al.,	   2008).	  This	   result	   is	  particularly	   clear	   in	  371	  
the	  hotspot	  APM	  models	   for	   the	  well	   constrained	  0-­‐70	  Ma	  period,	   and	  within	   the	   slab	  372	  
APM	  model	  for	  the	  entire	  0-­‐130	  Ma	  period	  considered	  (Table	  1).	  APM	  models	  based	  on	  373	  
paleomagnetic	  data	  alone	  yield	  a	  more	  dispersed	  distribution	  of	  trench	  migration	  than	  374	  
APM	  models	   based	   on	   hotspot	   trails	   or	   slab	   remnant	   mapping	   (Fig.	   3).	   The	   contrast	  375	  
between	   more	   or	   less	   dispersed	   histograms	   mirrors	   the	   contemporary	   plate	   motion	  376	  
calculations	   of	   Schellart	   et	   al.	   (2008),	   who	   found	   that	   trench-­‐normal	   motions	   have	   a	  377	  
relatively	  narrow	  distribution	  around	  zero	  for	  their	  preferred	  APM	  model	  (O'Neill	  et	  al.,	  378	  
2005),	   whereas	   the	   HS3	   APM	  model	   of	   Gripp	   and	   Gordon	   (2002)	   predicts	   a	   broader	  379	  
range	  of	  trench-­‐normal	  motions	  -­‐	  including	  rapid	  retreat,	  and	  particularly	  rapid	  advance	  380	  
-­‐	   argued	   to	   be	   geodynamically	   less	   plausible.	   Paleomagnetic	   APM	   models	   are	   only	  381	  
constrained	   in	   latitude,	   and	   our	   comparison	   demonstrates	   the	   degree	   to	   which	   the	  382	  
longitudinal	  constraint	  offered	  by	  hotspot	  trails	  or	  slab	  remnant	  mapping	  yields	  a	  more	  383	  
geodynamically	   reasonable	   set	   of	   reconstructions.	   Conversely,	   our	   results	   show	   that	  384	  
more	   generally,	   paleomagnetic	   APM	   models	   could	   be	   improved	   by	   incorporating	  385	  
insights	   from	  trench	  migration	  rates	  calculated	   for	  a	  given	  RPM	  model,	  even	   for	   times	  386	  
where	  hotspot	  trails	  or	  seismic	  evidence	  of	  slab	  material	  are	  unavailable.	  	  	  387	  
	  388	  
For	   times	   older	   than	   70	   Ma,	   the	   distribution	   of	   trench	   migration	   rates	   becomes	  389	  
increasingly	  dispersed	  for	  each	  of	  the	  hotspot	  APM	  models.	  Before	  70	  Ma,	  APM	  models	  390	  
are	   less	   reliable	   for	   a	   number	   of	   reasons.	   For	  moving	   hotspot	   APM	  models,	   70	  Ma	   is	  391	  
close	   to	   the	   limit	   of	   reliability	   for	   the	  models	  of	  mantle	   flow	  backward	  advected	   from	  392	  
present	   day	   used	   to	   predict	   hotspot	  motions	   (Conrad	   and	   Gurnis,	   2003).	   In	   addition,	  393	  
70	  Ma	  is	  suggested	  as	  the	  time	  at	  which	  the	  volcanism	  along	  the	  Tristan-­‐Gough	  trail	   in	  394	  
the	   South	   Atlantic	   changed	   from	   ridge-­‐plume	   interaction	   to	   an	   intraplate	   setting	  395	  
(O’Connor	  and	  Duncan,	  1990),	  implying	  that	  the	  locations	  of	  pre-­‐70	  Ma	  volcanism	  along	  396	  
this	  chain	  are	  unlikely	  to	  be	  well	  represented	  either	  by	  fixed	  hotspots	  or	  moving	  hotspot	  397	  
models	   focused	   on	   deep	   mantle	   processes.	   In	   addition,	   global	   APM	   models	   can	   only	  398	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make	   use	   of	   the	   well-­‐sampled	   Pacific	   (Hawaii-­‐Emperor	   and	   Louisville)	   trails	   back	   to	  399	  
~80	  Ma,	  and	  the	  oldest	  volcanism	  attributed	  to	  the	  Réunion	  trail	  in	  the	  Indian	  Ocean	  are	  400	  
the	  ~66	  Ma	  Deccan	   Traps.	   Indicative	   of	   this	   increasing	   uncertainty	   prior	   70	  Ma,	   APM	  401	  
model	   D2012,	   subject	   to	   all	   of	   the	   above	   limitations,	   shows	   a	   focused	   pattern	   of	  402	  
relatively	  slow	  trench	  migration	  from	  0-­‐70	  Ma,	  then	  a	  sharp	  change	  to	  more	  dispersed	  403	  
trench	  migration	  distributions	   for	   times	  older	   than	  70	  Ma	   (Fig.	   3d).	   The	   Indo-­‐Atlantic	  404	  
APM	   models	   and	   the	   moving	   hotspot	   reference	   frame	   T2008	   show	   a	   more	   gradual	  405	  
change	  to	  more	  dispersed	  trench	  migration	  rates	  over	  the	  last	  130	  Myr	  (Fig.	  3).	  406	  
	  407	  
The	   APM	  model	   based	   on	   slab	   remnant	  matching	   (V2010)	   yields	   the	  most	   consistent	  408	  
pattern	  of	   trench	  migration	   for	   the	   last	  130	  Myr.	  For	   this	  entire	   time	  period,	   this	  APM	  409	  
model	  combined	  with	  the	  Seton	  et	  al.	   (2012)	  RPM	  model	  predicts	  a	  dominant	  trend	  of	  410	  
slow	   trench	   retreat	   (Fig.	   3	   and	   Table	   1).	   For	   the	   0-­‐70	   Ma	   period,	   the	   distribution	   of	  411	  
trench	  migration	  rates	  is	  similar	  to	  those	  predicted	  by	  hotspot	  APM	  models,	  but	  for	  the	  412	  
70-­‐130	  Ma	  period	  APM	  model	  V2010	  clearly	  predicts	  more	  stable	  trench	  locations.	  It	  is	  413	  
arguably	   unsurprising	   that	   an	   APM	   model	   derived	   by	   associating	   present-­‐day	   fast	  414	  
seismic	  anomalies	   to	  past	  subduction	  zones	  performs	  well	   in	  relation	  to	   these	  criteria.	  415	  
However,	   that	   APM	   model	   is	   primarily	   based	   on	   only	   three	   slabs	   (Farallon,	   Mongol-­‐416	  
Okhotsk	   and	   Aegean	   Tethys).	   The	   scale	   of	   uncertainties	   in	   mapping	   slabs	   from	  417	  
tomography	   means	   that	   longitudinal	   shifts	   between	   APM	   models	   derived	   from	   slab	  418	  
remnant	  mapping	   and	  hotspot	   trails	   are	  not	   significant	   for	   times	  younger	   than	  80	  Ma	  419	  
(van	  der	  Meer	  et	  al.,	  2010).	  The	  divergence	  for	  times	  older	  than	  80	  Ma	  is	  significant,	  and	  420	  
our	   results	   suggest	   that	   the	   slab	   remnant	   APM	   mode	   yields	   a	   distribution	   of	   trench	  421	  
migrations	  for	  the	  70-­‐130	  Ma	  period	  that	  compares	  well	  with	  the	  distribution	  predicted	  422	  
by	   both	   this	   and	   the	   hotspot	   APM	  models	   for	   the	   0-­‐70	  Ma	   period,	  where	   the	   hotspot	  423	  
models	  are	  relatively	  well	  constrained.	  424	  
	  425	  
4.2.	  Geodynamic	  characteristics	  in	  different	  absolute	  plate	  motion	  models	  426	  
Allowing	   for	   uncertainties	   in	   the	   RPM	   model,	   some	   deviations	   between	   results	   for	  427	  
different	  APM	  models	  are	   significant.	  While	   the	  considered	  APM	  models	  all	  predict	  an	  428	  
overall	   NNE	  motion	   of	   Africa	   over	   the	   last	   130	  Ma	   (Fig.	   1,	   and	  mirroring	   the	   overall	  429	  
trend	   of	   the	   Tristan	   hotspot	   trail,	   Fig.	   6),	   they	   differ	   in	   the	   sense	   of	   this	  motion	   over	  430	  
shorter	   (10-­‐20	  Myr)	   timescales.	   These	   differences	   are	  manifested	   in	   computed	   values	  431	  
for	  trench	  migration	  rates,	  NLR,	  and	  L2-­‐norm	  velocity,	  and	  provide	  an	  insight	  into	  which	  432	  
APM	  models	  are	  more	  geodynamically	  plausible.	  	  433	  
	  434	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The	   APM	   models	   predicting	   continuous	   NE	   drift	   of	   Africa	   (V2010,	   NNR;	   Fig.	   1)	   give	  435	  
consistently	   low	  trench	  migration	  rates.	   In	  contrast,	   larger	  and	  more	  dispersed	   trench	  436	  
migration	  rates	  for	  other	  APM	  models	  typically	  occur	  during	  periods	  where	  the	  absolute	  437	  
motion	  of	  Africa	  significantly	  differs	  from	  this	  NE	  drift,	  such	  as	  the	  northwest	  motion	  of	  438	  
Africa	   from	   100-­‐70	   Ma	   in	   APM	   model	   D2012,	   or	   the	   northward	   motion	   of	   Africa	  439	  
throughout	   the	   paleomagnetic	   models.	   Phases	   where	   individual	   APM	   models	   contain	  440	  
distinct	   spikes	   in	   NLR	   and	   L2-­‐norm	   velocity	   (e.g.	   O2005	   between	   50-­‐60	   Ma;	   D2012	  441	  
between	   70-­‐80	  Ma)	   correspond	   to	   phases	   where	   the	   same	  models	   also	   result	   in	   less	  442	  
favourable	   trench	   migration	   rates,	   and	   phases	   where	   the	   motion	   of	   Africa	   in	   these	  443	  
models	  deviates	  from	  a	  northeastwards	  drift	  (Fig.	  1).	  These	  observations	  are	  unlikely	  to	  444	  
be	   solely	   due	   to	   uncertainties	   in	   the	   RPM	   model;	   other	   APM	   models,	   including	  445	  
alternative	   models	   based	   on	   hotspots	   (M1993;	   T2008),	   do	   not	   display	   these	  446	  
characteristics.	  447	  
	  448	  
4.3.	  Uncertainties	  in	  the	  analysis	  449	  
For	  APM	  models,	  meaningful	  uncertainties	  are	  difficult	  to	  calculate	  (O’Neill	  et	  al.,	  2005),	  450	  
particularly	   for	   models	   where	   the	   absolute	   motions	   of	   both	   plates	   and	   hotspots	   are	  451	  
derived	   using	   a	   diverse	   range	   of	   data	   and	   methods,	   for	   instance	   by	   combining	  452	  
radiometric	   seamount	   ages,	   relative	   plate	   motions	   derived	   from	   magnetic	   anomaly	  453	  
fitting,	   and	   geodynamic	   simulations	   derived	   using	   global	   seismic	   tomography	  models.	  454	  
Different	   studies	   infer	   different	   hotspot	   locations,	   resulting	   for	   example	   in	   ~180	   km	  455	  
mismatch	  between	  inferred	  present-­‐day	  positions	  for	  the	  Louisville	  hotspot	  (Wessel	  and	  456	  
Kroenke,	  2008;	  Doubrovine	  et	  al.,	  2012).	  Uncertainties	  in	  estimated	  hotspot	  motions	  are	  457	  
similar	  in	  magnitude	  to	  hotspot	  motions	  themselves	  (O’Neill	  et	  al.,	  2005).	  A	  subset	  of	  the	  458	  
APM	   models	   tested	   here	   include	   95%	   confidence	   estimates	   (O’Neill	   et	   al.,	   2005;	  459	  
Doubrovine	  et	  al.,	  2012)	  for	  the	  calculated	  Africa	  finite	  poles	  of	  rotation.	  Another	  model	  460	  
proposed	  a	  range	  of	  alternative	  longitudinal	  shifts	  to	  the	  position	  of	  Africa	  that	  could	  fit	  461	  
tomography	  constraints	  (van	  der	  Meer	  et	  al.,	  2010).	  For	  the	  purposes	  of	  our	  analysis,	  we	  462	  
have	  used	   the	  preferred	  model	   for	  each	  APM	  study	  considered,	  but	  note	   that	  different	  463	  
NLR	  or	  trench	  migration	  results	  could	  be	  derived	  within	  provided	  confidence	  limits.	  	  464	  
	  465	  
Uncertainties	   in	   the	   RPM	   model	   also	   affect	   our	   estimates	   of	   trench	   kinematics	   and	  466	  
values	  derived	  from	  global	  velocity	  fields	  calculations.	  NLR	  uncertainties	   increase	  with	  467	  
reconstruction	  age	  as	   the	  area	  of	   the	  Earth	   for	  which	  oceanic	   lithosphere	   is	  no	   longer	  468	  
preserved	   (since	   it	   has	   been	   subsequently	   subducted)	   increases	   (termed	   ‘world	  469	  
uncertainty’	   by	   Torsvik	   et	   al.,	   2010).	   Unlike	   NLR	   calculations,	   trench	   migration	   rate	  470	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calculations	   do	   not	   require	   to	   account	   for	   the	   whole	   plate	   boundary	   system	   through	  471	  
time,	  but	  only	  for	  the	  locations	  of	  subduction	  zones.	  Trench	  migration	  rate	  calculations	  472	  
are	   relatively	   unaffected	   by	   uncertainties	   in	   the	   long	   plate	   chain	   from	   Africa	   to	   the	  473	  
Pacific	   plate	   and	   other	   plates	   within	   the	   Pacific	   basin,	   since	   the	   trench	   migration	  474	  
calculated	   for	   the	   subduction	   zones	   around	   the	   margins	   of	   the	   Pacific	   ocean	   are	   not	  475	  
dependent	   on	   the	   motion	   of	   the	   Pacific	   plate	   itself,	   but	   only	   of	   the	   motions	   of	   the	  476	  
overriding	  plates.	  For	  example,	  the	  trench	  migration	  along	  the	  western	  margins	  of	  North	  477	  
and	  South	  America	  only	  depends	  on	  the	  APM	  model	  and	  the	  relative	  motions	  between	  478	  
these	  plates	  and	  Africa.	  479	  
	  480	  
Trench	  migration	  rate	  calculations	  depend	  on	  how	  well	  the	  location,	  timing	  and	  polarity	  481	  
of	   subduction	   zones	   are	   constrained.	   The	   geometries	   defining	   subduction	   boundaries	  482	  
within	  the	  Seton	  et	  al.	  (2012)	  RPM	  model	  are	  extrapolated	  from	  geological	  evidence	  and	  483	  
interpretations,	  and	  details	  of	  regional	  studies	  underpinning	  elements	  of	  this	  model	  are	  484	  
subject	  to	  debate.	  Competing	  models	  exist	  for	  the	  history	  of	  Late-­‐Cretaceous	  to	  Cenozoic	  485	  
subduction	  within	  the	  Tethys	  (Zahirovic	  et	  al.,	  2012),	  southwest	  Pacific	  (Matthews	  et	  al.,	  486	  
2015)	  and	  western	  North	  America	  (Liu,	  2014).	  Large	  uncertainties	  also	  exist	  concerning	  487	  
the	   history	   of	   intra-­‐oceanic	   subduction	   zones	  within	   the	   Panthalassic	   Ocean.	   Van	   der	  488	  
Meer	  et	  al.	  (2012)	  proposed	  a	  number	  of	  subduction	  zones	  within	  Panthalassa,	  though	  489	  
focussed	   on	   times	   older	   than	   those	   considered	   in	   this	   study.	   These	   subduction	   zones	  490	  
have	  yet	   to	  be	   linked	   to	   any	  kinematic	  model,	   so	  we	  are	  unable	   to	   test	  how	   they	  may	  491	  
influence	  trench	  migration	  calculations.	  492	  
	  493	  
As	   a	   practical	   step	   to	   investigate	   the	   sensitivity	   of	   our	   computed	   trench	   migration	  494	  
results	   to	   factors	  not	   captured	  by	   formal	  uncertainties,	  we	   computed	   the	   statistics	   for	  495	  
models	  with	  alternative	  subduction	  histories	  to	  those	  presented	  by	  Seton	  et	  al.	   (2012)	  496	  
for	   the	   region	   east	   of	   Australia	   (Supplementary	   section	   A).	   One	   model	   features	  497	  
subduction	   with	   opposite	   polarity	   from	   130-­‐50	   Ma,	   while	   in	   a	   second	   alternative	  498	  
scenario	   the	   subduction	   zone	   has	   been	   removed	   completely.	   The	   sensitivity	   of	   our	  499	  
global	   results	   to	   these	   regional	   changes	   is	   illustrated	   in	   Figure	   S2;	   some	   difference	   is	  500	  
observed,	   but	   first	   order	   trends	   in	   our	   global	   results	   are	   relatively	   unaffected	   by	  501	  
individual,	  regional	  uncertainties	  in	  the	  subduction	  history.	  	  502	  
	  503	  
4.4.	  Implications	  for	  future	  absolute	  plate	  motion	  models	  504	  
Choosing	  a	  ‘best’	  APM	  model	  depends	  on	  what	  the	  purpose	  of	  the	  model;	  considerations	  505	  
for	  paleoclimate	  modelling,	  where	  absolute	  paleolatitude	   is	   important,	  will	  differ	   from	  506	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studies	  of	  geodynamics	  and	  true	  polar	  wander	  (e.g.	  Torsvik	  et	  al.,	  2012).	  Our	  own	  study	  507	  
was	   motivated	   for	   the	   need	   to	   model	   the	   absolute	   motions	   of	   plates	   within	   global	  508	  
simulations	   of	   mantle	   convection	   (Flament	   et	   al.,	   2014;	   Bower	   et	   al.,	   2015).	   For	   this	  509	  
application,	  it	  is	  preferable	  to	  avoid	  models	  where	  the	  behaviour	  of	  subduction	  zones	  is	  510	  
geodynamically	  unreasonable.	  In	  addition,	  it	  is	  preferable	  to	  avoid	  using	  an	  APM	  model	  511	  
that	   is	   closely	   tied	   to	   an	   existing	   geodynamic	  model	   and	   all	   the	   associated	   parameter	  512	  
choices	  (e.g.	  moving	  hotspot	  calculations)	  as	  an	   input	   to	  different	  geodynamic	  models.	  513	  
More	  generally,	  our	  results	  suggest	  that	  trench	  migration	  rates,	  and	  other	  plate	  velocity	  514	  
criteria,	   can	   provide	   an	   additional	   constraint	   both	   in	   discriminating	   between	   existing	  515	  
APM	  models	  and	  in	  constructing	  new	  models.	  516	  
	  517	  
In	   ranking	   the	   different	   APM	   models,	   we	   draw	   a	   distinction	   between	   the	   periods	   0-­‐518	  
70	  Ma	  and	  70-­‐130	  Ma	  (Table	  1).	  For	  the	  more	  recent	  period,	  hotspot	  and	  slab	  remnant	  519	  
APM	   models	   give	   qualitatively	   similar	   trench	   migration	   characteristics.	   Applying	   the	  520	  
criteria	   laid	   out	   by	   Schellart	   et	   al.	   (2008),	  model	   T2008	   ranks	   the	   highest,	   giving	   the	  521	  
lowest	   standard	   deviation	   of	   trench	   migration	   rates,	   lowest	   percentage	   of	   segments	  522	  
retreating	  at	  more	   than	  30	  mm/yr,	  and	   the	  highest	  number	  of	   retreating	  segments,	  as	  523	  
well	   as	   ranking	   second	   in	   the	  other	   two	  categories.	  Other	  hotspot-­‐based	  APM	  models,	  524	  
based	  on	  fixed	  or	  moving	  hotspots	  (Müller	  et	  al.,	  1993;	  O’Neill	  et	  al.,	  2005;	  Doubrovine	  525	  
et	  al.,	  2012)	  or	  on	  the	  slab	  remnants	  (van	  der	  Meer	  et	  al.,	  2010)	  also	  perform	  well	  from	  526	  
0-­‐70	  Ma.	   For	   the	   130-­‐70	  Ma	   period,	   the	   slab	   remnant	   V2010	  model	   ranks	   highest	   in	  527	  
terms	   of	   trench	   migration	   criteria.	   Hotspot	   APM	   models	   perform	   more	   poorly,	   in	  528	  
accordance	  with	  the	  lack	  of	  constraints	  available	  for	  this	  period.	  APM	  models	  based	  on	  529	  
paleomagnetic	  data	  without	  TPW	  correction	  yield	  a	  far	  more	  dispersed	  pattern	  of	  trench	  530	  
migrations	   throughout	   the	   last	   130	   Ma,	   confirming	   our	   expectation	   that	   the	   lack	   of	  531	  
longitudinal	  constraint	  means	  such	  APM	  models	  are	  less	  suitable	  for	  the	  last	  100	  Ma.	  532	  
	  533	  
Model	   V2010	   appears	   to	   be	   an	   attractive	   option	   for	   the	   whole	   0-­‐130	   Ma	   timeframe	  534	  
based	   on	   trench	  migration,	   and	   NLR.	   The	   downside	   to	  model	   V2010	   is	   that	   it	   is	   less	  535	  
successful	   in	   fitting	   observations	   from	   hotspot	   trails	   (Table	   2),	   though	   far	   more	  536	  
successful	   than	   paleomagnetic	   APM	   models	   without	   TPW	   correction.	   For	   the	   last	  537	  
100	  Ma,	   latitude	  in	  model	  V2010	  is	  constrained	  by	  model	  O2005	  to	  which	  longitudinal	  538	  
shifts	  are	  applied.	  How	  well	  would	  a	  slab-­‐remnant	  APM	  model	  reconcile	  hotspot	  trails	  if	  539	  
information	  from	  the	  hotspot	  trails	  had	  not	  been	  used	  to	  create	  it?	  The	  poor	  fit	  between	  540	  
non-­‐TPW	   corrected	   paleomagnetic	   APM	  models	   and	   observations	   from	   hotspot	   trails	  541	  
(Table	  2),	  coupled	  with	  the	  large	  deviation	  in	  latitude	  (up	  to	  10	  degrees,	  Fig.	  1)	  between	  542	  
	  
	   17	  
the	   Early	   Cenozoic	   positions	   of	   Africa	   in	   hotspot	   versus	   non-­‐TPW	   corrected	  543	  
paleomagnetic	  APM	  models,	  suggests	  that	  the	  success	  or	  otherwise	  of	  the	  V2010	  model	  544	  
in	  matching	  hotspot	  trails	  depends	  on	  whether	  information	  from	  hotspot	  trails	  was	  used	  545	  
to	   constrain	   it	   in	   the	   first	  place.	  Our	   results	   for	  APM	  model	  V2010	  are	  based	  on	   their	  546	  
best-­‐fitting	   scenario,	   and	   it	   is	   noteworthy	   that,	   owing	   to	   slab-­‐fitting	   uncertainties	   of	  547	  
~500	   km,	   longitudinal	   shifts	   applied	   to	   match	   tomography	   are	   significant	   for	   times	  548	  
before	   ~80	   Ma	   (van	   der	   Meer	   et	   al.,	   2010).	   For	   more	   recent	   times,	   constraints	   from	  549	  
seismic	  tomography	  could	  be	  satisfied	  within	  error	  using	  an	  APM	  model	  based	  purely	  on	  550	  
hotspots	  (in	  that	  case,	  originating	  from	  model	  O2005).	  	  551	  
	  552	  
In	  defining	  an	  optimum	  APM	  model	  for	  the	  last	  130	  Ma,	  we	  prefer	  model	  T2008	  over	  the	  553	  
more	   recent	   model	   D2012	   due	   to	   the	   more	   reasonable	   trench	   migration	   and	   NLR	  554	  
characteristics.	   For	   the	   130-­‐70	   Ma	   period,	   our	   analysis	   suggests	   that	   APM	  models	   in	  555	  
which	  Africa	  drifts	  NE	  during	   this	  period	  are	  most	   likely	   in	   terms	  of	   trench	  migration	  556	  
rates	  and	  NLR,	  as	  well	  as	  satisfying	   the	  slab	  remnant	  constraints	  proposed	  by	  van	  der	  557	  
Meer	   et	   al.	   (2010).	   A	   westward	   shift	   of	   ~14	   degrees	   at	   ~130	   Ma	   compared	   to	   the	  558	  
hotspot	  APM	  models	   falls	  within	   the	   range	   of	   possible	   fits	   to	   tomography,	  whilst	   also	  559	  
yielding	   reasonable	   NLR	   and	   subduction	   zone	   kinematics.	   Using	   subduction	   zone	  560	  
kinematics	  as	  part	  of	  a	  multi-­‐parameter	  optimisation	  in	  combination	  with	  observations	  561	  
from	   age-­‐progressive	   seamount	   trails,	   seismic	   tomography	   and	   paleomagnetism	   with	  562	  
appropriate	  corrections	  for	  TPW	  events	  (Steinberger	  and	  Torsvik,	  2008)	  may	  provide	  a	  563	  
path	  to	  better	  constraining	  APM	  models.	  This	  will	  be	  the	  subject	  of	  a	  future	  study.	  564	  
	  565	  
4.5.	  Implications	  for	  pre-­‐Mesozoic	  absolute	  plate	  motion	  models	  	  566	  
An	   important	   implication	   of	   this	   work	   is	   for	   the	   study	   of	   APMs	   earlier	   than	   the	  567	  
Cretaceous.	   Indeed,	   the	   notion	   that	   an	   optimum	   APM	  model	   should	  minimise	   certain	  568	  
parameters	  could	  be	  extended	  to	  construct	  pre-­‐Mesozoic	  APMs.	  While	  the	  fixed	  hotspot	  569	  
approximation	  is	  often	  questioned	  (Doubrovine	  et	  al.,	  2012),	  recent	  studies	  of	  Paleozoic	  570	  
APMs	   propose	   that	   plume	   generation	   zones	   at	   the	   edge	   of	   large	   low	   shear	   velocity	  571	  
provinces	  have	  remained	  stable	  since	  the	  early	  Paleozoic	  (Torsvik	  et	  al.,	  2014).	  Within	  572	  
this	   assumption,	   large	   igneous	   provinces	   and	   kimberlite	   occurrences	   can	   provide	   an	  573	  
additional	  link	  between	  surface	  plate	  motions	  and	  the	  deep	  mantle,	  crucially	  providing	  a	  574	  
longitudinal	   constraint	   lacking	   in	   paleomagnetic	   analysis.	   Our	   analysis	   shows	   that	  575	  
subduction	  zone	  kinematics	  constitutes	  a	  constraint	  on	  APMs	  that	  is	  complementary	  to	  576	  
paleomagnetic	   data.	   Using	   both	   these	   constraints	   opens	   new	   opportunities	   for	  577	  
improving	  APM	  models	  based	  on	  paleomagnetic	  data	  alone	  even	  for	  times	  when	  hotspot	  578	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trails	  or	  seismic	  tomography	  cannot	  be	  used.	  Applying	  the	  same	  approach	  further	  back	  579	  
in	  time	  depends	  on	  the	  ability	  to	  combine	  reconstructions	  of	  relative	  plate	  motions	  with	  580	  
geological	  evidence	  for	  the	  location	  and	  duration	  of	  subduction.	  	  581	  
	  582	  
5.	  Conclusion	  	  583	  
	  584	  
We	  find	  that	  published	  APM	  models	  yield	  strikingly	  different	  predictions	  of	  subduction	  585	  
zone	   kinematics	   and	   NLR,	   and	   that	   predictions	   made	   by	   certain	   models	   are	  586	  
geodynamically	   more	   plausible	   than	   others.	   APM	  models	   derived	   from	   hotspot	   trails	  587	  
yield	  reasonable	  distributions	  of	  trench	  advance	  and	  retreat	  for	  the	  last	  70	  Myr,	  but	  the	  588	  
distribution	  of	   trench	  migration	  velocities	   they	  predict	   is	  considerably	  more	  dispersed	  589	  
for	  the	  pre-­‐70	  Ma	  period.	  An	  APM	  model	  combining	  the	  best-­‐fitting	  global	  hotspot	  APM	  590	  
model	  for	  the	  0-­‐70	  Ma	  period	  with	  constraints	  from	  tomography	  provides	  a	  reasonable	  591	  
trench	   motion	   throughout	   the	   last	   130	   Myr.	   Our	   results	   suggest	   that	   the	   absolute	  592	  
motions	  of	   trenches	   could	  provide	  an	  additional	   constraint	  on	  APM	  history,	  both	  over	  593	  
the	  last	  130	  Ma,	  and	  for	  earlier	  times	  when	  constraints	  on	  paleo-­‐longitude	  are	  lacking.	  594	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Figure	  captions	  756	  
	  757	  
Figure	  1:	  Motion	  paths	  of	   a	  point	   in	  Africa	   for	   the	   last	  130	  Myr	  according	   to	  different	  758	  
absolute	   plate	   motion	   (APM)	   models,	   as	   listed	   in	   the	   legend.	   Tick	   marks	   along	   each	  759	  
curve	  show	  the	  rotation	  of	  Africa	   (relative	   to	  an	  E-­‐W	  orientation	  at	  0	  Ma).	  Differences	  760	  
between	  APM	  models	  arise	  both	  from	  the	  absolute	  position	  of	  Africa,	  and	  the	  evolution	  761	  
of	  the	  rate	  and	  direction	  of	  motion.	  	  762	  
	  763	  
Figure	  2:	  Examples	  of	  contrasting	  patterns	  of	  trench	  advance	  and	  retreat	  for	  two	  of	  the	  764	  
APM	  models	   tested	  at	   three	   times	  during	   the	  Late	  Cretaceous	  and	  early	  Cenozoic.	  The	  765	  
left	   panels	   were	   calculated	   using	   the	   hotspot	   reference	   frame	   of	   Doubrovine	   et	   al.	  766	  
(2012)	  and	  the	  right	  panels	  were	  calculated	  using	  the	  APM	  model	  of	  van	  Der	  Meer	  et	  al.	  767	  
(2010).	   Such	   differences	   in	   subduction	   zone	   kinematics	   are	   summarised	   in	   the	  768	  
histograms	  plotted	  in	  Fig.	  3.	  769	  
	  770	  
Figure	   3:	   Histograms	   of	   the	   trench-­‐normal	   overriding	   plate	   velocities	   computed	   for	  771	  
eight	   alternative	   APM	  models	   using	   the	   same	   RPM	  model	   and	   plate	   boundaries.	   APM	  772	  
models	  based	  on	  hotspots	  are	  shown	  in	  the	  left	  column,	  paleomagnetic	  APM	  models	  in	  773	  
the	   upper	   right,	   and	   slab-­‐remnant	   and	   NNR	   models	   in	   the	   lower	   right.	   Colours	   are	  774	  
proportional	   to	   the	   number	   of	   one-­‐arc-­‐degree	   segments	   in	   each	   velocity	   bin	   of	  775	  
5	  mm/yr.	  	  Models	  consistent	  with	  global	  subduction	  dynamics	  are	  dominated	  by	  trench	  776	  
retreat	  (blue)	  and	  minimise	  high-­‐frequency	  fluctuations	  in	  mean	  trench	  velocities.	  777	  
	  778	  
Figure	   4:	   Measures	   of	   overall	   trench	   migration	   behaviour	   through	   time	   computed	   at	  779	  
1	  Myr	   intervals	   for	   each	   of	   the	   reference	   frames	   listed	   in	   the	   legend,	   then	   plotted	   as	  780	  
5	  Myr	  moving	  averages.	  (a)	  Standard	  deviation	  of	  the	  global	  trench	  migration	  rates,	  for	  781	  
which	   low	   values	   are	   considered	   more	   reasonable;	   (b)	   Percentage	   of	   retreating	  782	  
trenches,	  for	  which	  higher	  values	  are	  preferred;	  (c)	  Percentage	  of	  trenches	  retreating	  at	  783	  
greater	   than	   30	   mm/yr,	   for	   which	   lower	   values	   are	   preferred;	   (d)	   Percentage	   of	  784	  
trenches	  advancing	  at	  greater	  than	  30	  mm/yr,	  for	  which	  lower	  values	  are	  preferred;	  (e)	  785	  
Mean	  absolute	  value	  of	  trench	  motion,	  for	  which	  lower	  values,	  indicating	  greater	  trench	  786	  
stability,	   are	   preferred.	   Grey	   triangles	   in	   (b)	   to	   (e)	   show	   the	   values	   for	   present-­‐day	  787	  
kinematics	  for	  the	  preferred	  model	  of	  Schellart	  et	  al.	  (2008).	  	  	  788	  
	  789	  
Figure	  5:	  (a)	  Net	  lithospheric	  rotation	  (NLR)	  for	  alternative	  APM	  models;	  (b)	  L2-­‐norm	  of	  790	  
the	   velocities	   for	   different	   APM	   models;	   (c)	   Crossplot	   of	   NLR	   and	   L2-­‐norm.	   For	  791	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consistency	  with	  previous	  studies,	  values	  are	  calculated	  using	  velocities	  averaged	  over	  792	  
10	  Myr	  periods.	  793	  
	  794	  
Figure	  6:	  Predicted	  hotspot	  trails	  calculated	  for	  selected	  APM	  models.	  (a)	  Tristan-­‐Gough,	  795	  
(b)	  St	  Helena,	  (c)	  Réunion,	  (d)	  Tasmantid,	  (e)	  Louisville.	  Sample	  sites	  are	  illustrated	  as	  796	  
semi-­‐transparent	  crosses	  with	  same	  colour	  scale	  as	  predicted	  trails.	  We	  plot	  the	  M1993	  797	  
fixed	  hotspot	  model	  and	  the	  V2010	  slab	  remnant	  APM	  model	  combined	  with	  the	  Seton	  798	  
et	  al	  (2012)	  RPM	  model	  and	  no	  individual	  hotspot	  motion;	   for	  the	  D2012	  model,	   trails	  799	  
are	  computed	  using	  the	  RPM	  model	  and	  individual	  hotspot	  motions	  used	  in	  that	  study.	  800	  
See	  Supplementary	  section	  B	  for	  a	  more	  detailed	  description	  of	  data	  used.	  For	  trails	  not	  801	  
on	   the	   African	   plate,	   calculations	   depend	   on	   the	   plate	   chain	   and	   rotation	   parameters	  802	  
used	   to	   link	   these	   plates	   to	   Africa.	   Both	   our	   RPM	   model,	   and	   the	   RPM	   models	  803	  
underpinning	  previous	  global	  hotspot	  models	  (T2008,	  D2012),	  rely	  on	  relative	  motions	  804	  
between	  East	  and	  West	  Antarctica	   from	  ~26	  Ma	  to	  at	   least	  ~45	  Ma	  that	  are	  subject	  to	  805	  
large	   uncertainties	   (Cande	   et	   al.,	   2000).	   Using	   more	   tightly	   constrained	   kinematic	  806	  
parameters	   for	   E-­‐W	   Antarctica	   (Granot	   et	   al.,	   2013)	   within	   an	   otherwise	   unchanged	  807	  
RPM	  model,	  predicted	  trails	  for	  the	  Emperor	  section	  of	  the	  trail	  associated	  with	  Hawaii	  808	  
shifted	  >	  400	  km	  to	  the	  east	  at	  ~40	  Ma.	  	  809	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Tables	  813	  
	  814	  
Table	  1:	  Values	  summarizing	  the	  statistical	  measures	  shown	  in	  Fig.	  4	  for	  different	  time	  815	  
periods.	  The	  analysis	  is	  broken	  into	  two	  distinct	  time	  periods:	  A/	  70-­‐0	  Ma,	  during	  which	  816	  
hotspot-­‐based	  APM	  models	   are	   relatively	  well	   constrained;	   and	  B/	  130-­‐70	  Ma,	   during	  817	  
which	   constraints	   from	   hotspots	   are	   much	   less	   robust.	   Bold	   numbers	   highlight	   the	  818	  
‘optimum’	  APM	  model	   for	  each	  criterion	  out	  of	   the	  seven	  previous	  models	  considered.	  	  819	  
Moving	  hotspot	   reference	   frame	  T2008	  outperforms	  other	   reference	   frames	   for	   the	  0-­‐820	  
70	  Ma	  period.	  An	  NNR	  reference	  frame	  would	  be	  preferred	  to	  published	  models	  in	  3	  of	  821	  
the	   five	   categories	  during	   the	  0-­‐70	  Ma	   time	  period	   (denoted	  by	  underlined	  numbers).	  822	  
Over	  the	  period	  70-­‐130	  Ma,	  during	  which	  constraints	  from	  hotspot	  trails	  are	  scarce,	  the	  823	  
slab	   remnant	  APM	  model	  V2010	  performs	  better	   than	  other	  models.	  Note	   that	   results	  824	  
for	  APM	  model	  D2012	  are	  only	  calculated	  back	  to	  124	  Ma.	  825	  
	  826	  
A:	  0-­‐70	  Ma	  827	  
	   StDev	  
(mm/yr)	  
%	  Retreating	   %	  >30	  mm/yr	   %	  <-­‐30	  mm/yr	   ∑|	  VT	  |/n	  
(mm/yr)	  
M1993	   26.1	   69.1	   16.7	   3.7	   20.5	  
O2005	   27.3	   69.1	   17.8	   4.9	   21.5	  
T2008	   25.8	   71.0	   14.2	   4.1	   20.2	  
D2012	   27.4	   67.6	   14.4	   5.0	   21.1	  
T2012	   29.1	   63.4	   25.4	   6.4	   24.6	  
S2005	   29.3	   65.5	   21.9	   4.2	   23.3	  
V2010	   26.2	   68.1	   14.6	   4.4	   19.4	  
NNR	   25.7	   66.5	   14.1	   2.5	   19.3	  
	  828	  
B:	  70-­‐130	  Ma	  829	  
	   StDev	  
(mm/yr)	  
%	  Retreating	   %	  >30	  mm/yr	   %	  <-­‐30	  mm/yr	   ∑|	  VT	  |/n	  
(mm/yr)	  
M1993	   30.0	   69.0	   32.0	   8.8	   27.3	  
O2005	   32.0	   64.9	   28.6	   11.6	   27.5	  
T2008	   29.7	   69.5	   32.8	   8.7	   27.1	  
D2012	   67.0	   62.4	   34.9	   12.4	   63.3	  
T2012	   31.1	   66.1	   30.9	   12.1	   28.5	  
S2005	   29.8	   66.0	   32.3	   10.8	   27.5	  
V2010	   25.4	   66.2	   17.2	   6.8	   21.3	  
NNR	   28.0	   61.5	   20.9	   9.2	   23.8	  
	  830	  
	  831	  
	   	  832	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Table	  2:	  Root-­‐mean-­‐square	  (RMS)	  misfits	  (in	  km)	  between	  hotspot	  trail	  predictions	  and	  833	  
dated	  volcanic	  samples	  along	  trails	  for	  a	  series	  of	  APM	  models.	  All	  values	  are	  computed	  834	  
using	  the	   fixed	  hotspot	  approximation	  and	  the	  Seton	  et	  al	  (2012)	  RPM	  model	  with	  the	  835	  
exception	   of	   D2012*,	   where	   the	   values	   are	   computed	   using	   the	   RPM	   model	   and	  836	  
individual	   hotspot	   motions	   provided	   by	   Doubrovine	   et	   al	   (2012).	   Bold-­‐italic	   values	  837	  
highlight	  the	  APM	  model	  giving	  the	  lowest	  misfit	  for	  each	  trail	  (not	  including	  the	  D2012*	  838	  
results).	   Comparison	   between	   values	   for	   different	   trails	   is	   not	   meaningful,	   since	   the	  839	  
number	  of	  samples	  and	  maximum	  age	  along	  each	  trail	  varies	  significantly	  –	  rather,	  the	  840	  
table	  is	  intended	  to	  compare,	  for	  each	  trail,	  the	  ability	  of	  different	  APM	  models	  to	  match	  841	  
the	  observed	  sample	  sites.	  	  	  842	  
	  843	  
	   Tristan	   St	  Helena	   Réunion	   Tasmantid	   Louisville	   Hawaii	  
M1993	   297.4	   282.1	   327.9	   171.0	   415.9	   665.2	  
O2005	   316.6	   486.3	   342.2	   213.4	   398.1	   579.3	  
T2008	   325.9	   409.6	   307.9	   139.8	   349.8	   499.1	  
D2012	   445.1	   429.7	   479.7	   145.5	   205.9	   401.7	  
T2012	   636.0	   749.0	   758.0	   424.0	   631.7	   1147.7	  
S2005	   681.0	   745.7	   831.4	   424.7	   657.2	   1152.2	  
V2010	   512.7	   295.6	   493.9	   222.6	   394.2	   491.6	  
D2012*	   260.2	   239.8	   340.8	   215.7	   207.9	   199.5	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A.	   Sensitivity	   of	   the	   global	   subduction	   zone	   characteristics	   to	   the	  uncertainty	   in	  
the	  subduction	  history	  within	  the	  relative	  plate	  motion	  model	  	  
Aside	  from	  the	  APM	  models	  themselves,	  the	  factors	  contributing	  to	  uncertainty	  in	  trench	  
migration	  are	  the	  timing	  and	  location	  of	  subduction,	  the	  relative	  plate	  motions,	  choice	  of	  
temporal	  resolution	  for	  plate	  velocities	  and	  arc	  deformation.	  
	  
1.	  Uncertainty	  in	  timing	  and	  location	  of	  subduction:	  Using	  APM	  model	  O2005,	  we	  modify	  
the	   subduction	   history	   east	   of	   Australia	   from	   130-­‐50	   Ma	   (Figure	   S2).	   A	   number	   of	  
contrasting	  models	  exist	  for	  the	  Cretaceous	  to	  early	  Cenozoic	  tectonic	  evolution	  of	  this	  
region;	   in	   terms	   of	   the	   timing	   of	   cessation	   of	   the	   long-­‐lived	  Mesozoic	   subduction	   that	  
preceded	  Tasman	  Sea	  spreading,	  and	  the	  history	  and	  polarity	  of	  subduction	  east	  of	  the	  
Lord	  Howe	  Rise	  once	  spreading	  was	  underway	  in	  the	  Tasman	  Sea	  (Crawford	  et	  al.,	  2003;	  
Sdrolias	   et	   al.,	   2003;	   Steinberger	   et	   al.,	   2004;	   Schellart	   et	   al.,	   2006;	   Sutherland	   et	   al.,	  
2010;	  Matthews	  et	  al.,	  2015).	  The	  Seton	  et	  al.	  (2012)	  RPM	  model	  features	  west-­‐dipping	  
subduction	   in	  the	  early	  Cretaceous,	   followed	  by	  a	  switch	  to	  east-­‐dipping	  subduction	  in	  
the	   Late	   Cretaceous	   that	   continues	   until	   50	   Ma.	   Within	   the	   Seton	   et	   al.	   (2012)	   RPM	  
model,	   this	   subduction	   zone	   extends	   for	   5000-­‐5500	   km	   (the	   exact	   length	   varying	  
through	   time),	   constituting	  ~8-­‐9%	  of	   the	   total	   trench	   length.	   For	   the	  purposes	   of	   this	  
sensitivity	  test,	  we	  tested	  two	  alternative	  scenarios	  –	  one	  where	  these	  subduction	  zones	  
existed	  with	  the	  opposite	  polarity	  (b),	  and	  a	  second	  where	  these	  subduction	  zones	  were	  
no	  longer	  present	  and	  thus	  do	  not	  contribute	  to	  the	  global	  statistics	  (c)(all	  other	  aspects	  
of	   the	  plate	  kinematic	  model	   remain	  unchanged).	   Some	  aspects	  of	   these	   scenarios	   are	  
unlikely	  to	  be	  realistic,	  but	  serve	  the	  purpose	  of	  illustrating	  the	  degree	  to	  the	  ill-­‐defined	  
tectonic	   history	   of	   a	   single	   region	  may	   skew	  our	   observations.	   The	   results	   in	   the	   first	  
panel	  (a)	  are	  the	  reference	  case,	  and	  are	  same	  as	  those	  shown	  for	  APM	  model	  O2005	  in	  
the	   main	   text,	   while	   (b)	   and	   (c)	   are	   the	   global	   statistics	   for	   the	   two	   alternative	  
subduction	   scenarios.	   The	   right	   column	   shows	   residuals	   between	   these	   two	   scenarios	  
and	  the	  reference	  case,	  plotted	  with	  the	  same	  colour	  scale.	  The	  results	  indicate	  that	  first-­‐
order	   trends	   in	   the	   trench	   migration	   distributions	   are	   relatively	   insensitive	   to	  
uncertainties	  in	  the	  history	  of	  regional	  subduction	  histories.	  	  
	  
2.	  Uncertainty	   in	   relative	  plate	  motions:	  Taking	   the	   Andean	  margin	   as	   an	   example,	   the	  
uncertainty	  on	   trench	  migration	   related	   to	   relative	  motions	  depends	  on	   the	   spreading	  
history	  of	  the	  South	  Atlantic	  (South	  America	  relative	  to	  Africa),	  which	  is	  constrained	  by	  
magnetic	   anomalies	   and	   fracture	   zones.	   Similar	   uncertainties	   exist	   for	   the	   motion	   of	  
North	  America	  and	  Antarctica	  relative	  to	  Africa.	  For	  plates	  distant	  from	  Africa,	  relative	  
plate	  motion	  uncertainty	  is	  the	  sum	  of	  uncertainties	  for	  each	  plate	  pair	  (for	  example	  the	  
uncertainty	  in	  the	  motion	  of	  the	  trench	  along	  the	  Lord	  Howe	  Rise	  relative	  to	  the	  African	  
plate	   depends	   on	   combined	   uncertainties	   in	   the	   relative	  motions	   of	   Africa-­‐Antarctica,	  
Antarctica-­‐Australia	   and	   Australia-­‐Lord	  Howe	  Rise	   rotations).	   Formal	   uncertainties	   in	  
the	   rates	   of	   relative	  motion	   between	   plate	   pairs	   derived	   from	   the	   seafloor	   spreading	  
record	  are	  calculated	  for	  many	  of	  the	  plate	  pairs	  used	  in	  the	  global	  model	  (e.g.	  Gaina	  et	  
al.,	  1998).	   	  Uncertainty	  values	  are	   typically	   in	   the	  range	  1-­‐5	  mm/yr	   (for	   full	   spreading	  
rates).	  	  
	  
3.	  Uncertainty	  related	  to	  temporal	  resolution	  used	  to	  calculate	  trench	  migration	  rates:	  The	  
Seton	   et	   al.	   (2012)	   RPM	   model	   allows	   us	   to	   compute	   plate	   kinematic	   parameters	   at	  
1	  Myr	   intervals,	   but	   we	   may	   expect	   the	   computed	   trench	   migration	   rates	   to	   be	  
systematically	   lower	   if	   the	   plate	   velocities	   are	   averaged	   over	   longer	   time	   periods.	   In	  
Figure	   S3	  we	   compare	   the	   results	   of	   computing	   trench	  migration	   rates	   for	   the	  O2005	  
APM	   model,	   with	   plate	   kinematics	   averaged	   over	   1,	   5	   and	   10	   Myr.	   The	   difference	  
between	   the	   results	   is	   minor,	   reflecting	   the	   fact	   that	   the	   relative	   rotations	   contained	  
within	  the	  Seton	  et	  al.	  (2012)	  RPM	  model	  are	  defined	  at	  relatively	  coarse	  time	  intervals	  
compared	  to	  many	  detailed	  studies	  of	  seafloor	  spreading.	  The	  RPM	  model	  finite	  poles	  of	  
rotation	  for	  the	  major	  plates	  are	  typically	  5-­‐10	  Myr	  apart	  (Seton	  et	  al.,	  2012),	  so	  that	  it	  
does	  not	  contain	  the	  	  high	  frequency	  noise	  known	  to	  occur	  in	  finite	  rotation	  poles	  when	  
plate	  motion	  changes	  are	  defined	  at	  1-­‐2	  Myr	  intervals	  (e.g.	  Iaffaldano	  et	  al.,	  2012).	  
	  
4.	  Uncertainty	  related	  to	  arc	  deformation:	  To	  assess	  the	  effect	  of	  neglecting	  deformation	  
affecting	  the	  shape	  and	  migration	  rate	  of	  the	  trench,	  we	  use	  the	  South	  American	  margin	  
as	  a	  case	  study.	  Over	  the	  last	  130	  Ma,	  the	  most	  intense	  documented	  deformation	  is	  the	  
shortening	  that	  has	  resulted	  in	  the	  Andean	  orocline.	  Recent	  studies	  suggest	  that	  major	  
shortening	  and	  bending	  of	  the	  trench	  has	  taken	  place	  from	  <70	  Ma	  to	  present	  day,	  with	  
the	   maximum	   shortening	   during	   this	   time	   estimated	   at	   around	   500	   km	   (Kley,	   1999;	  
McQuarrie,	  2002).	  Using	  these	  values	  as	  a	  proxy	  for	  the	  overall	  eastwards	  migration	  of	  
the	   trench	   relative	   to	   ‘rigid’	   South	   America	   (McQuarrie,	   2002)	   suggests	   that	   the	  
uncertainty	   in	   trench	   migration	   rate	   could	   be	   as	   much	   as	   10	   mm/yr	   where	   the	  
shortening	  is	  most	  intense.	  
B.	   Comparison	   between	   observed	   seamount	   trails	   and	   predictions	   of	   APM	   and	  
hotspot	  locations	  	  
We	   confine	   our	   analysis	   to	   the	   last	   70	  Ma,	   where	   constraints	   from	   hotspot	   trails	   are	  
relatively	   abundant	   across	   multiple	   plates.	   Figure	   6	   of	   the	   main	   text	   show	   predicted	  
hotspot	  trails	  using	  our	  base	  RPM	  model	  (Seton	  et	  al.,	  2012),	  and	  the	  candidate	  hotspot	  
trail	   models	   for	   selected	   APM	  models.	   Results	   are	   plotted	   for	   the	   Tristan-­‐Gough	   and	  
Réunion	  trails,	  used	  in	  all	  four	  studies,	  and	  for	  the	  Hawaii-­‐Emperor	  and	  Louisville	  trails,	  
used	   in	   global	   studies.	  We	  omit	   the	  New	  England	   trail,	   since	  dated	   samples	   along	   this	  
seamount	   chain	   are	   all	   older	   than	   70	   Ma.	   We	   include	   the	   Tasman	   Sea	   trails,	   that	  
although	  not	  considered	  to	  be	  linked	  to	  deep	  plumes	  and	  rarely	  used	  to	  constrain	  APM	  
models,	   are	   considered	   to	   be	   reliable	   indicators	   of	   the	   fast	   northward	   motion	   of	   the	  
Australian	  plate	  in	  the	  past	  >25	  Ma	  (McDougall	  and	  Duncan,	  1988).	  
	  
The	   dated	   samples	   we	   have	   used	   along	   each	   trail	   are	   taken	   from	   the	   existing	  
compilations	  of	  dates	  for	  each	  trail	  within	   literature,	   including:	  McDougall	  and	  Duncan	  
(1988)	  for	  the	  Tasmantid	  trail;	  O’Neill	  et	  al.	  (2005)	  for	  the	  St	  Helena	  trail;	  Doubrovine	  et	  
al.	   (2012)	   for	   the	   Tristan-­‐Gough	   and	  Réunion	   trails;	   and	  Wessel	   and	  Kroenke	   (2008),	  
supplemented	  with	  more	   recent	   dates	   from	  Koppers	   et	   al.	   (2012)	   and	  O’Connor	   et	   al.	  
(2013),	   for	   Pacific	   Trails.	   The	   present-­‐day	   locations	   of	   hot	   spots	   are	   based	   on	   the	  
compilation	  of	  Doubrovine	  et	  al.	  (2012)	  for	  all	  except	  the	  Tasmantid	  trail,	  for	  which	  we	  
used	  a	  location	  based	  on	  Knesel	  et	  al.	  (2008).	  	  
	  
Attempts	   to	  objectively	  compare	   the	  predictions	  of	  different	  hotspots	  APM	  models	  are	  
complicated	  by	  the	  subtly	  different	  ways	  each	  APM	  model	  is	  constructed.	  For	  example,	  
different	   models	   use	   different	   relative	   rotation	   parameters	   to	   link	   observations	   on	  
different	  plates.	  APM	  models	  derived	  using	  moving	  hotspots	  are	  difficult	   to	  assess	   in	  a	  
self-­‐consistent	  manner	  where	  hotspot	  motions	  are	  not	  readily	  available.	  Moving	  hotspot	  
models	  would	  typically	  be	  expected	  to	  produce	  a	  good	  fit	  to	  observations,	  compared	  to	  
the	  fits	   for	  APM	  models	  where	  no	  hotspot	  motions	  have	  been	  inferred.	   In	  Figure	  6,	  we	  
limit	  the	  plotted	  trails	  to	  three	  cases	  that	  can	  be	  illustrated	  self-­‐consistently:	  we	  plot	  the	  
predicted	   trails	  of	   fixed	  hotspot	  APM	  model	  M1993	  using	   the	  Seton	  et	  al.	   (2012)	  RPM	  
model,	   hotspot	   trails	   predicted	   by	   APM	   model	   D2012	   using	   their	   own	   rotation	  
parameters	  for	  the	  motions	  of	  both	  the	  plates	  and	  individual	  hotspots,	  and	  predictions	  
of	   the	   V2010	   model	   using	   the	   Seton	   et	   al.	   (2012)	   RPM	   model	   and	   a	   fixed	   hotspot	  
approximation.	   Note	   that	   model	   D2012	   differs	   from	   other	   trails	   both	   due	   to	   the	  
incorporation	  of	  hotspot	  motion,	   and	   the	  use	  of	   an	  alternative	  plate	   circuit	   to	   link	   the	  
Atlantic	   and	   Pacific	   domains	   prior	   to	  ~45	  Ma.	   Both	   of	   these	   factors	   contribute	   to	   the	  
better	  match	   observed	   for	  model	   D2012	   for	   the	   Hawaii	   trail	   compared	   to	   other	   APM	  
model	   predictions.	   Model	   V2010	   poorly	   matches	   the	   trend	   of	   trails	   that	   lie	   either	  
entirely	  or	  predominantly	  on	  the	  African	  plate.	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Figure	   S1:	   Trench-­‐orthogonal	   trench	  migration	   rates	   in	   10	  Myr	   intervals	   for	   the	   eight	  
APM	  models	  considered	  in	  this	  study.	  The	  four	  APM	  models	  based	  on	  hotspot	  trails	  are	  
shown	   in	   the	   left	   column,	   models	   based	   on	   paleomagnetism	   in	   the	   upper	   right;	   the	  
remaining	  models	  are	  based	  respectively	  on	  slab	  remnant	  mapping,	  and	  removal	  of	  net	  
rotation.	  	  Abbreviations:	  M1993	  =	  Müller	  et	  al.,	  1993;	  O2005	  =	  O’Neill	  et	  al.,	  2005;	  T2008	  
=	  Torsvik	  et	  al.,	  2008;	  D2012	  =	  Doubrovine	  et	  al.,	  2012;	  S2005	  =	  Schettino	  and	  Scotese,	  
2005;	  T2012	  =	  Torsvik	  et	  al.,	  2012	  (Running	  Mean);	  V2010	  =	  van	  der	  Meer	  et	  al.,	  2010;	  
NNR	   =	   No-­‐Net-­‐Rotation,	   this	   study.	   These	   example	   results	   are	   plotted	   at	   the	  midway	  
point	   for	  each	  stage	  of	  Africa	  absolute	  motion	  defined	  within	  each	  of	   the	  APM	  models	  
tested.	   In	  addition	   to	   the	  absolute	   trench	  kinematics,	   topological	  plate	  boundaries	  and	  
absolute	   plate	   velocities	   for	   the	   plate	   interiors	   derived	   on	   a	   regular	   grid	   are	   shown	  
(Seton	   et	   al.,	   2012).	  All	   parameters	   are	   calculated	  using	  GPlates	   (Boyden	  et	   al.,	   2011).	  
For	   clarity,	   trench	   migration	   arrows	   are	   only	   plotted	   for	   a	   subset	   of	   the	   1	   degree	  
segments	  used	  in	  the	  full	  analysis	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Figure	  S2:	  Sensitivity	  of	  results	  to	  uncertainty	  in	  subduction	  history.	  (a)	  global	  statistics	  
for	  the	  reference	  case	  (based	  on	  APM	  model	  O2005)	  for	  50-­‐130	  Ma;	  (b)	  global	  statistics	  
computed	   for	   the	   same	   model	   as	   (a),	   but	   with	   the	   polarity	   of	   subduction	   along	   East	  
Australia	   flipped;	   the	   right	  panel	   shows	   the	  difference	  between	   (a)	   and	   (b);	   (c)	   global	  
statistics	   for	   a	   case	  where	   there	   is	  no	   subduction	   zone	  along	  Eastern	  Australia	  during	  
this	  time	  period;	  the	  panel	  to	  the	  right	  shows	  the	  difference	  between	  cases	  (a)	  and	  (c).	  
	  
	  
	  
	  
	  
	  
Figure	  S3:	  Influence	  of	  temporal	  resolution	  used	  to	  compute	  trench	  migration	  rates.	   In	  
each	   case,	   the	   trench	   migration	   rates	   are	   calculated	   using	   the	   plate	   boundary	  
configuration	   at	   a	   given	   time	   instant,	   but	   with	   all	   plate	   velocity	   values	   derived	   by	  
averaging	  over	  different	  time	  range;	  (a)	  1	  Myr,	  (b)	  5	  Myr,	  and	  (c)	  10	  Myr.	  	  
	  
	  
	  
